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FOREWORD 


This  report  was  prepared  in  the  Mechanical  Engineer¬ 
ing  Department  of  the  Ohio  State  University.  The  work  was 
performed  between  June  1952  and  August  1954  under  Contract 
No.  AF35(6l6)-ll}.7  with  the  Ohio  State  University  Research 
Foundation.  It  was  administered  under  the  direction  of 
the  Mechanical  Branch,  Equipment  Laboratory,  Directorate 
of  Laboratories,  Wright  Air  Development  Center,  Wright- 
Patterson  Air  Force  Base,  Ohio.  Mr.  F.  R.  Ebersbach  was 
the  Equipment  Laboratory  project  engineer  in  charge  of  the 
work  which  was  accomplished  under  Task  6 1181,  "Centra¬ 
lized  versus  Individualized  Cooling  of  Aircraft  Equipment", 
formerly  EDO  No.  664-603F-3 . 

The  report  is  presented  in  three  parts.  Part  1  is 
concerned  with  an  introduction  to  the  scope  of  the  study, 
the  functional  classification  of  cooling  system  components 
and  types,  and  a  summary  and  comparison  of  the  character¬ 
istics  of  seven  types  of  cooling  systems.  Part  2  contains 
methods  of  aircraft  penalty  evaluation,  and  the  performance 
and  physical  characteristics  of  components  used  in  the 
evaluation  of  cooling  systems.  Part  3  presents  details  of 
analysis  and  evaluation  of  seven  types  of  cooling  systems 
for  design  conditions  up  to  65,000  feet  altitude  arid  flight 
speeds  up  to  Mach  1.8. 

The  authors  acknowledge  with  thanks  the  contributions 
of  the  following  research  associates  to  the  development  of 
subject  matter  and  the  preparation  of  the  three  parts  of 
this  report.  Part  1:  K.  G.  Homung.  Part  2s  S.  E.  Arnett, 
T.  C.  Taylor,  W.  Robinson,  G.  D.  Hudelson  and  D.  J.  Masson. 
.Part  3:  C.  F.  Borteck  and  G.  D.  Hudelson. 
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ABSTRACT 


Part  2  of  the  report  contains  data  developed  and  com¬ 
piled  for  use  in  the  evaluation  of  cooling  systems. 

Methods  are  given  for  the  evaluation  of  aircraft  penalty 
of  cooling  systems  in  terms  of  equivalent  drag,  increase 
in.  gross  weight,  reduced  range,  or  reduced  payload.  The 
components  of  cooling  systems  are  classified  as  equipment, 
distribution,  intermediate  and  ultimate.  Methods  for  the. 
analytical  simulation  of  equipment  items  by  means  of  an 
equipment  component  are  developed.  The  physical  character¬ 
istics  and  performance  of  coolant  distribution  systems  are 
analyzed  for  constant  velocity,  constant-pressure-gradient, 
and  constant-diameter  designs.  Methods  are  developed  for 
the  analytical  representation  of  cooling  load  distribution 
along  the  header  of  a  distribution  system.  Various  types 
of  heat  exchangers  applicable  as  intermediate  components 
in  cooling  systems  are  analyzed.  Methods  are  developed  for 
the  evaluation  of  physical  characteristics  of  air-to-air, 
liquid-to-air,  and  liquid-to-evaporant  heat  exchangers. 

Data  on  performance  and  physical  characteristics  are  com¬ 
piled  for  items  serving  as  parts  of  the  ultimate  component 
of  cooling  systems.  Included  are:  air  intakes,  air  ducts, 
radial  and  axial  blowers,  compressors  and  turbines. 

PUBLICATION  REVIBT 

The  publication  of  this  report  does  not  constitute 
approval  by  the  Air  Force  of  the  findings  or  conclusions 
contained  therein.  It  is  published  for  the  exchange  and 
stimulation  of  ideas. 


FOR  THE  COMMANDER: 


Jb  s/C^smith 

'  Colonel,  USAF 
Chief,  Equipment  Laboratory 
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SECTION  III 


AIRCRAFT  PENALTY  OF  COOLING  SYSTEMS 


A  problem  fundamental  to  the  study  of  aircraft  equipnent  cooling 
systems  is  the  evaluation  of  the  flight  performance  penalty  imposed  on 
an  aircraft  by  the  addition  of  cooling  systems.  The  overall  evaluation 
and  comparison  of  different  types  of  cooling  systems  is  affected  to  a 
great  extent  by  their  flight  performance  penalties.  The  purpose  of  this 
section  is  to  present  the  methods  of  analysis  and  basic  working  equations 
employed  to  permit  evaluation  of  flight  performance  or  aircraft  penalty 
for  the  various  types  of  cooling  systems  studied  and  for  various  types 
of  aircraft  with  which  the  cooling  systems  may  be  associated. 

Flight  performance  penalty  imposed  on  an  aircraft  by  cooling  sys¬ 
tems  results  from  system  weight*  external  and  momentum  drags  and  change 
in  powerplant  performance*  Indirectly*  factors  such  as  reliability* 
vulnerability*  ease  of  maintenance*  off -design  performance  of  the  cool¬ 
ing  system*  etc.  affect  the  overall  aircraft  penalty.  These  factors  are 
not  considered  within  the  scope  of  the  presented  working  methods  which 
aim  for  analytical  evaluation  and  comparison  of  the  more  direct  factors 
of  cooling  systems  influencing  the  aircraft. 

The  penalty  on  an  aircraft  due  to  weight  of  cooling  systems  may  be 
evaluated  in  terms  of  the  effect  on  (1)  aircraft  gross  weight  at  take-off 
for  range  and  payload  equivalent  to  that  of  the  comparable  aircraft  with¬ 
out  cooling  systems*  (2)  on  range  for  equivalent  gross  weight  and  payload* 
(3)  on  payload  for  equivalent  gross  weight  and  range.  Also*  in  seme 
cases  other  interpretations  of  the  weight  effect  may  be  required*  since 
with  any  aircraft  having  fixed  mission  characteristics,  gross  weight  and 
payload*  the  Introduction  of  a  cooling  system  or  systems  might  necessi¬ 
tate  disposal  or  compromise  of  other  equipment  items  and  accessories  of 
the  aircraft.  The  general  procedure  employed  in  this  study  to  define 
flight  performance  penalty  is  to  determine  the  penalty  relative  to  com¬ 
parable  aircraft  without  cooling  systems.  Thus*  the  weight  of  the  cool¬ 
ing  system  is  translated  into  effects  on  gross  weight*  range  or  payload. 

External  and  momentum  drags  of  cooling  systems  result  whenever  at¬ 
mospheric  air  is  used*  either  for  direct  or  indirect  cooling  of  equip¬ 
ment  items.  The  external  drag  represents  the  parasitic. drag  added  to 
the  aircraft  because  of  protuberances  such  as*  for  example*  air  Intakes. 
The  momentum  drag  represents  the  net  drag  on  the  aircraft  for  the  pro¬ 
cess  of  taking  air  on  board  and  subsequent  ejection.  It  is  possible  for 
some  cooling  systems  to  have  negative  momentum  drag*  i.e.*  to  produce 
thrust.  Normally*  however*  systems  impose  a  momentum  drag  penalty.  The 
sum  of  external  and  momentum  drags  associated  with  cooling  systems  may 
be  considered  with  good  approximation  to  represent  additional  thrust  re¬ 
quired  of  the  aircraft’s  powerplants  to  maintain  comparable  flight  char¬ 
acteristics  as  without  cooling  systems. 
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Penalties  imposed  an  powerplant  performance  by  cooling  systems  can 
result  from  (1)  shaft  power  extraction  required  in  all  indirect  cooling 
systems  far  circulation  of  transfer  fluids ,  circulation  of  air  in  direct 
cooling  systems  employing  blowers ,  and  input  power  to  vapor  cycle  refrig¬ 
eration  machines,  and  (2)  from  air  extracted  intermediately  or  after  the 
compressor  of  a  powerplant  for  direct  and  indirect  bleed-air  cooling  sys¬ 
tems,  and  for  remote  power  drives  when  air  turbines  are  employed  in  pref¬ 
erence  to  electric  or  hydraulic  drives.  Extraction  of  shaft  power  or  air 
from  the  aircraft's  pcwerplants  requires  increased  fuel  consumption  of 
the  powerplants  in  order  to  maintain  comparable  flight  characteristics  as 
without  cooling  systems. 

Powerplant  performance  penalty  must  be  integrated  with  drag  and 
weight  penalties  to  define  the  overall  effect  of  the  cooling  systems  on 
the  aircraft.  Of  the  many  methods  possible  for  defining  flight  perform¬ 
ance  penalty,  two  general  methods  are  presented  that  have  been  used  in 
the  evaluation  and  comparison  of  the  various  cooling  systems  studied.  The 
first  method  consists  of  evaluating  the  equivalent  drag  of  the  cooling 
system.  The  second  method  is  based  on  evaluation  of  the  effects  of  the 
cooling  system  on  aircraft  gross  weight,  payload  and  flight  range. 

Nomenclature 


Symbol 


Concept 


Dimensions 


C 

Dr 

Lf 

P 

P 

Rg 

SFC 

T 

w 

W 

z 

0 

A 


constant 
drag 

lift  of  aircraft 
static  pressure 
power 

range  of  aircraft 
thrust  specific  fuel  consumption 
temperature 
fluid  flow  rate 
weight 

ratio  of  fuel  weight  at  take-off 
to  gross  weight  of  aircraft 
Mach  mMb.r  iMrm.tK-, 

1  ♦  0.2  HJ, 
difference  or  change  of  a  quantity 


dimensionless 

pounds 

pounds 

pounds  per  square  foot,  abs. 

Btu  per  hour 

feet 

pounds  per  hour-pound  thrust 

pounds  per  hour 
pounds 

dimensionless 

dimensionless 


Subscript 


Refers  to 


bd  bleed  air 

c  compressor 

D  distribution  component 

e  exit 

eq  equivalent 

ex  external 

g  gross  weight 

i  inlet 
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I 

intermediate  component 

mom 

momentum 

para 

parasitic  drag 

p-sy 

power  supply  system 

pl 

payload 

ref 

reference  value 

sh 

shaft  power 

sy 

cooling  system 

U 

ultimate  component 

T 

turbine 

00 

free  stream  conditions 

Superscript  Refers  to 

o  total  or  stagnation  condition 

'  power  in  units  of  horsepower 

Equivalent  Drag  Method 

Equivalent  drag  is  defined  as  the  sum  of  weight  drag,  external 
drag,  momentum  drag  and  ary  potential  loss  in  thrust  of  a  powerplant  due 
to  air  bleed  and/or  shaft  power  extraction.  External  and  momentum  drags 
are  defined  directly  by  the  system  evaluation  procedures  as  the  parasitic 
drag  introduced  by  air  inlets  and  outlets,  such  as  leading-edge  or 
boundary-layer^ air  intakes,  and  the  drag  (possibly  thrust)  resulting 
from  momentum  change  of  atmospheric  air  taken  aboard  the  aircraft  and 
subsequently  discharged.  Weight  drag  is  defined  as  the  drag  equivalent 
to  the  system's  dead  weight,  converted  to  a  drag  basis  by  assumption  of 
an  operating  lift-to-drag  ratio  for  the  aircraft. 

Drag  due  to  air  bleed  or  shaft  power  extraction  from  a  powerplant 
can  be  defined  in  one  of  several  ways.  The  assumption  may  be  made  that 
the  powerplant  operating  conditions  remain  fixed,  and  that  the  loss  in 
propulsive  thrust  due  to  air  bleed  or  power  extraction  suffices  to  de¬ 
fine  the  powerplant  performance  penalty.  Alternately,  it  may  be  assumed 
that  best  comparison  of  systems  would  be  obtained  by  assuming  constant 
flight  characteristics,  with  or  without  air  bleed  or  power  extraction; 
so  that  constant  thrust  level,  and,  hence,  flight  speed,  should  be  main¬ 
tained.  On  this  basis,  an  increased  fuel  rate  is  required  and  the  drag 
penalty  is  defined  by  the  potential  gain  in  powerplant  thrust  corre¬ 
sponding  to  the  increased  fuel  rate  if  the  powerplant  had  no  air  bleed 
and  power  extraction.  The  latter  procedure  is  believed  preferable  to 
that  assuming  a  constant  fuel  rate,  since  evaluation  of  effects  far  an 
extensive  range  of  flight  Mach  numbers  is  more  satisfactory,  the  power- 
plant  penalty  effects  can  be  more  directly  combined  with  other  drags  to 
define  flight  performance  penalties,  and,  in  general,  the  assumption  of 
constant  flight  speed  should  provide  a  better  datum  plane  for  comparison 
of  cooling  systems. 

The  equivalent  drag  of  a  cooling  system  is  defined,  therefore,  by 
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Dr^  -  Drex  +  Drmom  +  W^/(Lf/Dr)ref  +Awfuel/SFCref  (III-l) 

where  Drex  represents  the  external  drag,  Drmom  the  momentum  drag  caused 
by  air  taken  on  board,  Way  the  dead  weight  of  the  cooling  system, 
(Lf/Dr)ref  and  SFCyef  the  operating  lift-to-drag  ratio  and  specific 
fuel  consumption  of  the  powerplants,  respectively,  and  AwfUe^  the  in¬ 
crease  in  fuel  flow  rate  to  the  powerplants  necessary  to  maintain  con¬ 
stant  thrust  level  with  air  bleed  and/or  power  extraction.  In  defining 
the  equivalent  drag  of  a  cooling  system,  the  assumption  is  made  that 
all  changes  in  drag  and  engine  performance  are  small  in  comparison  to 
the  corresponding  values  without  a  cooling  system.  Specifically,  it  is 
assumed  that  decremental  thrust  and  incremental  drags  are  small  in  com¬ 
parison  to  the  total  drag  of  the  aircraft,  so  that  decremental  values 
of  thrust  and  incremental  drags  can  be  assumed  equivalent  aerodynami- 
cally  and  in  their  effects  on  flight  performance,  thus  permitting  sum¬ 
mation  of  the  individual  effects  to  yield  a  total  equivalent  drag. 

Also,  it  is  assumed  that  in  defining  the  drag  due  to  bleed  air  and/or 
power  extraction,  the  specific  fuel  consumption  SFCref >  expressed  in 
pounds  of  fuel  per  hour-pound  net  thrust,  may  be  used  as  the  specific 
fuel  consumption  of  the  powerplant  without  air  bleed  or  power  extrac¬ 
tion.  Evaluation  of  powerplant  performance  with  air  bleed  rates  needed 
for  cooling  systems  in  this  study  has  shown  this  assumption  to  intro¬ 
duce  a  very  negligible  error  in  defining  the  equivalent  drag. 

dross  Weight,  Payload  and  Range  Methods 


While  the  equivalent  drag  of  a  cooling  system  provides  an  index  to 
the  effect  of  the  cooling  system  on  the  aircraft's  flight  performance, 
the  use  of  this  parameter  has  oftentimes  the  disadvantage  that  its  mag¬ 
nitude  cannot  be  readily  translated  into  direct  or  concrete  effects  on 
aircraft  flight  performance,  particularly  when  considering  different 
types  of  aircraft,  cooling  systems  and  flight  conditions.  The  alternate 
method  of  defining  flight  performance  penalty  is  based  on  evaluation  of 
cooling  system  effects  on  flight  range,  aircraft  gross  weight,  fuel  load 
and  payload.  For  this  purpose,  the  first  assumption  is  that  the  Breguet 
range  equation  (Reference  III-l)  is  accurate  far  relative  can  pari  sons 
of  the  effects  of  cooling  systems.  The  range  of  any  aircraft  may, 
thereby,  be  defined  in  the  form 


Rg 


( III-2 ) 


where  the  parameter  C  includes  all  flight  conditions  affecting  the  ba¬ 
sic  range  of  the  aircraft,  Rg,  and  Dr^*  represents  the  total  equiva¬ 
lent  parasitic  drag  of  the  aircraft.  The  initial  fuel  load  Wfttei  is 
represented  as  a  fraction  of  the  aircraft ' s  initial  gross  weight  Wg. 
The  second  assumption  is  that  the  aircraft  operates  at  a  constant  xligl 
speed  and  altitude.  Thus,  the  operating  lift-to-drag  ratio  is  assumed 
constant  and  the  flight  altitude  will  increase  with  flight  time.  The 
increase  in  altitude  for  operation  above  35,000  feet  depends  upon  the 


WADC  TR  5U-359 


k 


value  of  W^igi/Wg,  and  will  normally  be  5000  to  15,000  feet.  The  drag 
term  is  included 6in  equation  (III-2)  to  incorporate  effects  of  drag  in¬ 
crease  (due  to  cooling  systems)  on  the  fuel  consumption  rate  of  the 
power plants. 

Since  comparison  of  the  effects  of  cooling  systems  is  made  on  the 
basis  of  equivalent  f  11  git  conditions  with  or  without  a  cooling  system, 
it  is  possible  to  define  the  reference  range  of  the  aircraft  without 
cooling  systems  by 

®3ref  SFCj.ef  D**para-ref  *  C  In  1  -  Xref 

where  Xref  is  the  ratio  of  initial  fuel  load  to  gross  weight  of  the 
aircraft  without  a  cooling  system;  Hence,  the  range  for  an  aircraft 
with  a  cooling  system  relative  to  the  same  aircraft  having  comparable 
flight  conditions  and  powerplants  but  without  a  cooling  system  is  de¬ 
fined  by 

H£_  .  ££ref  _1  l^l  (m-3) 

Rgref  SFC  Dr p^a  1  ~  X/  1  “  ^ref  J 

By  this  procedure,  the  flight  plans  of  the  aircraft  are  essentially 
equivalent,  i.e.,  variations  in  altitude,  flight  speed,  etc.,  which  may 
occur  will  be  similar  in  both  cases  since  one  mi  git  justifiably  assume 
that  cooling  systems  will  not  create  pronounced  effects  on  aircraft 
operational  characteristics. 


In  order  to  introduce  into  equation  (III- 3)  the  effect  of  air 
bleed  or  power  extraction,  one  may  write 


SFC  ,  Awfuel 

“  Drref  SFCVef 


(III-U) 


To  include  the  effects  of  external  and  momentum  drags,  it  may  be  as¬ 
sumed  that 


Dr para  ,  i  +  *  ^rmom  - 

Dr para-ref  Drref 


(III-5) 


where  Drref  is  defined  as  the  flight  drag  of  the  aircraft  without  a 
cooling  system,  being  equal  to  the  net  thrust  of  the  powerplants  during 
unaccelerated  level  flight.  It  is  reasonable  to  assume  that  in  air¬ 
craft  operating  in  the  Mach  number  range  from  0.5  to  1.8  the  changes  in 
fuel  rate,  external  drag  and  momentum  drag  due  to  cooling  systems  are 
normally  small  in  comparison  to  their  reference  values,  i.e.,  the  fuel 
rate  and  drag  for  the  entire  aircraft  without  cooling  system.  Thus, 
equations  (III-U)  and  (Hl-5)  may  be  introduced  into  equation  (III-3) 
in  the  form 
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( III-6) 


R8ref 


In  -~An  — -i — 
1-X/  I“Xj*ef  _ 

1  + 

>ex  +  ^mom  +  *wfuel/SCFref 

/“•ref 

The  relative  range  defined  by  equation  (III-6)  is  assumed  to  be  applica¬ 
ble  to  all  -types  of  aircraft,  regardless  of  the  flight  speed  or  power- 
plant  performance,  since  the  range  effect  is  related  to  a  comparable 
aircraft  having  the  same  flight  conditions,  but  no  cooling  system.  Lim¬ 
itations  on  the  accuracy  of  equation  (III-o)  depend  on  the  correctness 
of  the  assumptions  that  drags  are  additive  and  that  relative  effects  on 
range  are  described  by  the  Breguet-type  range  equation. 

1.  Constant  Range 


Of  considerable  interest  in  the  design  and  evaluation  of  cooling 
systems  is  the  determination  of  effects  on  the  aircraft  when  the  flight 
range  is  equal  to  that  for  the  same  aircraft  without  a  cooling  system. 

For  purposes  of  evaluation,  let  it  be  assumed  that  any  change  in  a  vari¬ 
able  is  small  in  comparison  to  the  basic  value  of  the  variable.  Thus, 
for  the  condition  of  constant  range,  equation  (III-6)  may  be  expressed  as 


(III-7) 


where  DrSy  is  hereafter  referred  to  as  the  drag  of  the  system,  which  is 
smaller  than  the  equivalent  drag  of  the  system  by  the  weight  drag  as  de¬ 
fined  in  equation  (XII-1).  Differentiation  of  this  expression  yields 


TT-^SF2- 
•L“xrefJ  "ref 


( HI-8) 


Suppose  now  the  condition  is  examined  when  it  is  permissible 
to  increase  the  gross  weight  of  the  aircraft  in  order  to  maintain  con¬ 
stant  payload.  Thus, 

dl  -  Xref(dWfuel/Wfuel)  -  Xref(dWg/Wg)  CIII-9) 

and 

dWg  •  dWfuel  +  ^sy  (IU-10) 


so  that  equation  (III-8)  may  be  rearranged  to  the  following  foiro,  as¬ 
suming  small  finite  changes  in  the  variables. 
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AWfuel 

^fuel-ref 


W; 


SL 


g-ref 


Equation  (ill-ll)  defines  the  fractional  increase  in  fuel  load  required 
to  maintain  constant  range  under  the  condition  that  the  maximum  gross 
weight  is  permitted  to  increase.  The  fractional  increase  in  gross 
weight,  neglecting  possible  changes  in  the  aircraft's  fixed  weight  which 
might  be  required  if  the  gross  weight  is  increased  during  the  aircraft 
design  stage,  is  defined  by 


+  t1”  nb]  (nH2) 

Numerical  values  of  Xre£,  the  ratio  of  fuel  load  to  gross  weight,  might 
be  considered  to  vary  for  different  types  of  aircraft  designs  and  mission 
requirements  from  about  0.20  to  roughly  0.75.  tow  ratios  are  character¬ 
istic  of  aircraft  operating  at  relatively  short  range  and  high  payload, 
while  higi  ratios  would  normally  be  associated  with  high-speed  aircraft 
having  reasonably  long  range.  The  ratio  would  tend  to  increase  somewhat 
with  increased  flight  speed.  Common  values  of  this  ratio  for  military 
aircraft  are  considered  to  be  about  0.1;  or  0.5* 

Examination  of  equation  (III-11)  shows  that  under  the  condi¬ 
tions  of  constant  range  and  assuming  Xref  to  be  0,5,  a  cooling  system 
weight  equal  to  1%  of  the  reference  gross  weight  would  increase  the  re¬ 
quired  fuel  load  by  2%  of  the  reference  fuel  load}  a  1%-increase  in  the 
aircraft's  drag,  due  to  air  bleed  and/or  power  extraction  and  external 
and  momentum  drag,  would  increase  the  required  fuel  load  by  1.1$  of  the 
reference  fuel  load.  The  increase  in  gross  weight  required  for  constant 
range  is,  therefore,  by  equation  (IIX-12),  2.7/S.  Suppose,  for  example, 
a  cooling  system  is  added  to  a  bomber  which  has  a  basic  gross  weight  and 
fuel  load  of  200,000  and  80,000  pounds,  respectively.  Let  the  cooling 
system  weight  and  drag  be  200  and  100  pounds,  respectively.  Assume,  al¬ 
so,  that  the  total  net  powerplant  thrust  for  the  flight  condition  is 
15,000  pounds.  Thus,  by  equation  (III-ll)  the  fuel  load  must  increase 
by  1.02%,  or  8l5  pounds.  The  required  increase  in  gross  weight  would  be 
1015  pounds.  For  aircraft  operating  with  low  ratios  of  initial  fuel 
load  to  gross  weight,  i.e.,  around  0.2,  equation  (III-ll)  reduces  to, 
approximately, 

AWfuei/Vfuei-ref  *  -  *ref)J  (^eq/^ref) 

which  indicates  that  the  fractional  increase  in  fuel  load  is  very  nearly 
equal  to  the  fractional  increase  in  drag  due  to  the  equivalent  drag  of 
the  cooling  system.  When  the  ratio  of  fuel  load  to  gross  weight  is  high, 
the  effect  of  an  increase  in  system  weight  is  mare  critical.  If  Iref  is 


AWg  -  Wgy  ♦  AWfuel 

.  f  i  1 

w g-ref  [““^ref  J  ^g-ref 
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0.7$,  1  pound  of  cooling  system  weight  requires  3  pounds  extra  fuel,  and, 
thereby,  a  Impound  increase  in  gross  weight.  For  the  sane  condition  and 
a  lift-to-drag  ratio  of  six,  1  pound  drag  requires  over  8  pounds  extra 
fuel. 

,  Useful  alternate  farms  of  equations  (III-ll)  and  (.111-12 )  for 

comparison  of  aircraft  cooling  systems,  based  on  constant  range  and  pay- 
load,  are 

flVW  .  ijg-  (Wjy)  *  (If/DrKDrsy)  m  (HI-13) 


and,  since 

*wg  •  *wf uel  +  *sy 

then, 

AVe  *  (Wl*)  *  f1”  (Lf''Dr)(Drl> 

This  equation  defining  gross  weight  increase  may  be  conveniently  inter¬ 
preted  by  noting  that  if  the  equation  is  rearranged  to  the.  farm 

(l-X^nWg  -  +  [(1-Xref)  ^  13^]  (m-3Jia) 

the  coefficient  on  the  drag  term  that  is  a  function  of  Xref  varies  only 
from  0.2 $  when  Xr«f  is  0.3  to  a  maximum  value  of  about  O.3o7  when  Xref 
is  0*633.  Also,  in  the  range  of  Xref  from  O.li  to  0.6,  an  average  value 
of  the  coefficient  of  1/3  is  correct  to  within  less  than  10JC.  Thus, 
with  good  approximation,  the  gross  weight  parameter  (l-Xref)AWg  is  de¬ 
fined  by  the  sum  of  the  system  weight  and  a  term  equal  to  the  product 
of  one-third  of  the  lift-to-drag  ratio  and  the  drag  of  the  system. 


For  fixed  gross  weight  of  an  aircraft,  constancy  of  range  re-* 
suits  in  reduced  payload  when  flight  performance  penalties  are  intro¬ 
duced.  The  reduction  in  payload  is  defined  by  letting  the  right-hand 
term  of  equation  ( III-9 )  be  zero,  so  that  equation  (III-8)  reduces  to 


(111-1$) 


In  terns  of  the  gross  weight, 


AWpj/Vg  .  (AVfu.1  ♦W^JAg 


so  that 
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or 


^plAg  ■  Wgy/rfg  +  (1-Iref)  1x1  1-Xref  ]  ^sy/^ref) 


AWpi  ”  ( 1-Ij.gf )  In  i_xref  (Di*gy/Drref)  -  Wgy/Vg 

^pl-ref  1  -  Xref  -  (Wfixed/Vg)  ”™ 

.where  Wf represents  the  operating  empty  weight  of  the  aircraft. 

Using  the  previous  example  of  a  200,000-pound  airplane  having  a  cooling 
system  weight  and  drag  of  200  and  100  pounds,  respectively,  the  reduc¬ 
tion  in  payload  required  for  the  same  range  of  the  aircraft  without  a 
cooling  system  is  60 9  pounds.  For  purposes  of  system  evaluation,  equa¬ 
tion  (III-16)  may  be  rearranged  to 

AWpi  -  -Wgy  -[(1-Xref)  m  (Lf/Dr)(Dr^)  (III-18) 

Suppose,  for  example,  that  the  fixed  weight  of  the  aircraft  i3  hO%  of 
the  gross  weight  and  the  value  of  Xref  is  0.00.  Thus,  the  reference 
payload  is  10$6  of  the  gross  weight.  For  these  assumed  conditions,  equa¬ 
tion  (III-17)  shows  that  a  cooling  system  drag  of  1%  of  the  drag  of, the 
aircraft  without  a  cooling  system  reduces  the  payload  by  about  3.5%. 

The  weight  of  the  cooling  system,  for  constant  range  and  gross  weight, 
will  always  reduce  the  payload  by  an  amount  equal  to  the  system  weight. 

A  comparison  of  equations  (III-llta)  and  (III-18)  shows  that  far  any 
cooling  system  the  ratio  of  the  payload  reduction  required  for  constant, 
gross  weight  to  the  gross  weight  increase  required  for  constant  payload 
is  equal  to 

AWpl/AWg  ■  1-Irrf 

Thus,  typically,  the  required  reduction  in  payload  is  UO  to  0C$  of  the 
required  gross  weight  increase.  Also,  the  ratio  of  the  percentage  of 
reduction  in  payload  to  the  percentage  of  increase  in  gross  weight  is 
defined  by  unity  plus  the  ratio  of  the  fixed  weight  to  the  reference 
payload.  Thus,  on  a  percentage  basis,  the  payload  can  decrease,  typi¬ 
cally,  from  3  to  9  times  the  percentage  of  increase  in  gross  weight. 

The  basis  of  evaluation  to  be  used,  i.e«,  constant  payload  or  gross 
weight,  to  determine  cooling  system  penalty  would  depend  upon  the  mis¬ 
sion  requirements  and  the  design  characteristics  of  the  aircraft. 

2.  Reduced  Range 

When  neither  gross  weight  nor  payload  may  be  altered  the  cool¬ 
ing  system  penalties  result  in  reduced  range  of  the  aircraft.  The  mag¬ 
nitude  of  range  reduction  for  fixed  gross  weight  and  payload  is  defined 
by  use  of  equation  (III-6).  The  weight  of  the  cooling  system,  Wgy,  re¬ 
duces  the  aircraft's  fuel  load*  Thus, 


(m-16) 


(III-17) 
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dX  *  “  ^fuelAg  "  “  ^ayfog 


Then,  the  fractional  reduction  in  range  becomes,  neglecting  second-order 
correction  factors, 


ARg 


Dr 


EL 


R^ref  (l^ref)  la  ^ref 


(III-19) 


or, 


ARg 

Rgref 


2sz  + 
% 


b*r*)  ^  gggl  M  fel 


(l-Iref)  K>  T5 


(III-19a) 


ref 


The  denominator  of  the  system  weight  term  in  equation  (III-19)  is  ap¬ 
proximately  1/3,  as  previously  noted,  so  that  with  good  approximation 

ARg/Rg^f  -  -  [3^  +  (Lf/Dr)Dr  J/Wg  (III-20) 

If  the  fuel  and  payloads  are  fixed  and  the  gross  weight  is  permitted  to 
increase  to  accommodate  the  weight  of  the  cooling  system,  the  fractional 
loss  in  range  is  defined  by 


ARg 

Rgref 


(*ref  ^sy/fyg)  Dr^y 

(1-W  m  rfe  ’  nrref 


(III-21) 


3.  Alternate  Method 


The  basic  equation  for  optimum  range  of  jet  aircraft  is  slightly 
different  than  equation  (III-2).  The  range  equation  for  jet  aircraft 
appears  in  the  literature  in  different  forms  based  upon  different  condi¬ 
tions  of  analysis.  Reference  III-l  presents  a  range  equation  which  when 
compared  with  the  basic  equation  (III-2)  differs,  in  effect,  only  in  the 
term  containing  the  ratio  of  the  fuel  load  to  the  aircraft  gross  weight. 
The  modified  range  equation  for  jet  aircraft  is  placed  in  the  form 

Rg  -  [c/OFOCDr^)]  [l  -  (1-Xref)°c5]  (III-22) 

For  constant  range  and  payload,  the  required  increase  in  air¬ 
craft  gross  weight,  based  on  equation  (HI-22),  is  defined  by 

(l-Xref)AWg  *  Wsy  +  2  £(1-Xref  “  ( l-^ref  )J  (Lf/Dr)(Drgy)  (III-23) 

This  equation  and  the  comparable  equation  based  on  the  previous  analysis, 
i.e.,  equation  (ill-lha),  differ  only  in  the.  term  defining  the  effect  of 
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the  drag  on  tho  gross  weight  Increase.  The  difference  lies  in  the  coef¬ 
ficient  that  is  a  function  of  the  reference  ratio  of  the  fuel  load  to 
gross  weight,  Xref  •  For  typical  values  of  Xref*  the  coefficient  on  the 
right-hand  term  of  equation  (111-23)  is  10  to  20$  greater  than  that  in 
equation  (IU-ll^a).  Thus,  for  cooling  systems  imposing  a  small  per¬ 
centage  of  the  total  penalty  because  of  dead  weight,  the  difference  be¬ 
tween  the  two  methods  would  be  significant.  However,  since  with  most 
cooling  systems  the  dead  weight  represents  an  important  portion,  or,  in 
some  cases,  nearly  all  of  the  total  penalty,  the  difference  between  the 
gross  weight  penalty  predicted  by  the  two  methods  would  not  be  of  great 
importance.  For  most  cooling  systems,  the  difference  will  be  well 
within  the  limits  of  accuracy  of  the  overall  evaluation  of  drag,  weight, 
etc. 


A  review  of  the  literature  indicates  that  a  variety  of  basic 
range  equations  have  been  employed,  depending  upon  the  type  of  power- 
plant,  desired  simplicity  of  evaluation,  etc.  It  is  believed  that  the 
equations  developed  in  the  preceding  sub-sections  based  upon  the  Breguet- 
type  of  range  equation  are  on  the  average  the  most  suitable  for  general 
evaluation  of  aircraft  penalty  resulting  from  the  use  of  equipment  cool¬ 
ing  systems. 

Powerplant  Performance  Penalty  Resulting  from 
ISTEle  ed  and  Shaft  Power  Extraction 

The  evaluation  of  powerplant  performance  penalty  due  to  bleed  air 
and/or  shaft  power  extraction  is  based  on  the  assumption  that  the  power- 
plants  are  turbojet  engines.  The  methods  presented  in  the  preceding 
sub-sections  for  evaluation  of  aircraft  performance  penalty  can,  how¬ 
ever,  be  adapted  to  any  type  of  powerplant.  In  general,  the  comparison 
of  the  relative  penalties  associated  with  different  types  of  cooling 
systems  will  be  similar  for  turbojet  and  turbine-propeller  engines. 
Therefore,  the  results  of  the  cooling  system  studies  presented  in  this 
report  are  based  only  on  aircraft  having  turbojet  engines. 

The  penalty  imposed  on  the  powerplant  due  to  bleeding  air  from  its 
compressor  is  evaluated  on  the  basis  of  the  increased  fuel  flow  required 
to  operate  the  powerplant  at  constant  net  thrust.  The  resultant  penalty- 
imposed  on  the  aircraft  is  evaluated  by  the  methods  outlined  in  the  pre¬ 
ceding  sub-sections,  either  as  a  potential  loss  in  thrust,  when  evalua¬ 
ting  the  equivalent  drag  of  a  cooling  system,  or,  as  the  increased  fuel 
flow  affects  the  aircraft  gross  weight,  payload  or  range.  It  is  assumed 
that  the  air  bleed  occurs  at  discharge  of  the  compressor.  A  number  of 
methods  for  evaluating  turbojet  performance  with  air  bleed  have  been  ex¬ 
amined.  Most  working  methods  and  infozmation  available  are  based  on  per¬ 
formance  of  specific  powerplants  and,  thereby,  do  not  permit  general  use 
for  the  wide  range  of  flight  Mach  numbers  and  aircraft  considered  in  this 
study.  Furthermore,  available  methods  are  based  on  correction  of  the 
generalized  powerplant  performance,  so  that  evaluation  of  air  bleed  ef¬ 
fects  requires  considerable  computational  effort,  in  addition  to  knowl¬ 
edge  of  the  generalized  powerplant  performance.  In  order  to  avoid  se- 
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looting  one  or  several  specif io  turbojet  engines,,  the  following  ampli¬ 
fied  equation  is  used  in  the  cooling  system  studies  of  this  report  to  de¬ 
fine  the  increase  in  fuel  rate  necessary  to  maintain  constant  engine 
thrust. 

■  0.0335  (T?l.ref/200GK»bd)  (XII-2U) 

where  w^j  represents  the  bleed  air  rate  expressed  in  pounds  per  hour, 
T?i-i  -ef  the  turbine  inlet  total  temperature  without  air  bleed  and  £Wf uei 
the  Increase  in  fuel  rate  expressed  in  pounds  per  hour. .  Equation 
( III-210  was  developed  on  the  basis  of  general  cycle  studies  of  the  ef¬ 
fect  of  air  bleed  and  the  methods  and  data  presented  in  References  XII-2, 
III- 3  and  III-5. 


Similar  studies  based  on  cycle  analysis  and  References  III-U  and 
III-5  were  conducted  to  define  the  penalty  on  turbojet  engine  performance 
due  to  shaft  power  extraction.  The  basis  for  determining  the  performance 
penalty  is  the  increase  in  fuel  rate  necessary  to  maintain  constant  net 
thrust  of  the  powerplant.  The  increase  in  fuel- rate  has  been  defined  by 


dw 


fuel 


_  o.i8(p;hx?  )°-87  (pg^pgi)0-2* 

’  [o.WdSa,)0**7  (pg»/pgi)0-^]-  1: 


(m-25) 


where  the  fuel  rate  is  expressed  in  pounds  per  hour,  the  shaft  power  Pgh 
in  horsepower,  Pca/Pci  represents  the  total  pressure  ratio  developed  by 
the  engine's  compressor  and  Pqq  a  flight  Mach  number  parameter  equal  to 
1  +  0.2  1(2,., ■ 


Equations  ( III— 2U)  and  (III-25)  reveal  the  following  order  of  magni¬ 
tude  of  fuel  flow  penalties  for  air  bleed  and  power  extraction  from  tur¬ 
bojet  engines  operating  at  constant  thrust.  The  fuel  flow  rate  must  in¬ 
crease  about  30  pounds  per  hour  for  each  1000  pounds  per  hour  of  bleed 
air  at  typical  cruise  conditions.  A  survey  of  the  bleed  air  cooling  sys¬ 
tem  indicates  that  should  this  type  be  employed  for  present-day  or  near¬ 
future  aircraft,  the  minimum  and  maximum  bleed  air  rates  requiredwould 
be  from  500  to  about  25,000  pounds  per  hour,  respectively.  Thus,  the 
minimum  and  maximum  fuel  rate  penalties  to  be  expected  for  bleed  air 
cooling  systems  would  be  from  15  to  750  pounds  per  hour.  The  equivalent 
in-flight  load-carrying  capacity  corresponding  to  this  range  of  fuel  rate 
penalty  could  be  from  somewhat  less  than  100  to  somewhat  greater  than 
12,000  pounds,  depending  upon  the  flight  lift-to-drag  ratio  of  the  air¬ 
craft.  The  increase  in  fuel  rate  required  far  shaft  power  extraction 
amounts  to  from  0.3  to  0.65  pound  fuel  per  hour-horsepower,  so  that  the 
fuel  rate  penalties  far  the  present  study  due  to  shaft  power  requirements 
are  likely  to  range  from  about  0.5  pound  per  hour  to  possibly  100  pounds 
per  hour.  This  range  of  extra  fuel  rate  required  defines  a  range  of 
equivalent  in-flight  load-carrying  capacity  of  from  about  3  to  1800 
pounds.  The  above  figures  are  intended  to  illustrate  the  range  of  penal¬ 
ty  corresponding  to  the  limits  of  maximum  and  minimum  cooling  capacity 
expected  for  present-day  or  near-future  aircraft. 
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The  effect  of  air  bleed  on  the  aircraft  proper  may  be  illustrated 
by  examination  of  equation  (III-lh).  Suppose  an  aircraft  has  a  basic 
ratio  of  fuel  load  to  gross  weight  of  0.50,  an  in-flight  lift-to-drag 
ratio  of  15  and  an  in-flight  specific  fuel  consumption  of  1.1  pounds  per 
hour-pound  net  thrust.  The  drag  due  to  1000  pounds  per  hour  air  bleed 
is  about  27  pounds,  and  by  the  right-hand  term  of  equation  (III-13)  the 
fuel  load  at  take-off  for  constant  range  must  be  increased  by  280  pounds 
due  to  the  1000  pounds  per  hour  air  bleed  only,  i.e.,  exclusive  of  sys¬ 
tem  weight  and  other  drag  introduced  by  the  cooling  system.  If  it  is 
assumed,  in  the  way  of  an  example,  that  the  weight  of  the  bleed-air  cool¬ 
ing  system  is  comparable  to  the  weight  of  an  evaporative  cooling  system, 
i.e.,  one  employing  an  expendable  coolant,  and  that  other  drags  of  the 
bleed-air  system  are  neglected,  assumptions  which  favor  the  bleed-air 
System,  then  it  is  found  that,  typically  for  high  subsonic  Mach  numbers, 
the  breakeven  point  in  terms  of  increased  gross  weight,  using  water  for 
the  expendable  coolant, corresponds  to  about  k  hours  flight  time,  i.e., 
for  less  than  k  hours  flight  the  evaporative  system  would  necessitate 
less  increase  in  gross  weight  than  would  the  bleed-air  system. 

The  general  effect  of  shaft  power  extraction  on  the  aircraft  may  be 
evaluated  in  a  similar  manner.  Consider, “for  example,  a  turbojet  engine 
having  an  in-flight  compressor  pressure  ratio  of  5:1.  For  a  flight  Mach 
number  of  0.9,  the  increased  fuel  rate,  defined  by  equation  (III-25),  is 
0.h5  pound  per  shaft  horsepower-hour.  Assuming  subsonic  flight  with  a 
powerplant  specific  fuel  consumption  of  1.1,  lift-to-drag  ratio  of  1$ 
and  a  reference  fuel  load  to  gross  weight  ratio  of  0.50,  the  required 
increase  in  take-off  fuel  load  for  constant  range  amounts  to  U.3  pounds 
per  shaft  horsepower  extracted.  This  increase  in  fuel  load  is  the  pen¬ 
alty  due  only  to  shaft  power  extraction,  i.e.,  exclusive  of  system 
weight,  external  and  momentum  drag.  In  all  probability,  for  cooling 
loads  up  to  100  kilowatts,  the  shaft  power  extraction  for  well-designed 
cooling  systems,  and  other  than  vapor  cycle  machines,  will  not  exceed 
25  to  30  horsepower,  so  that  the  increase  in  fuel  flow  would  not  exceed 
20  pounds  per  hour.  The  maximum  increase  in  take-off  fuel  load  far  this 
power  extraction  would  be  around  1*00  pounds,  although  quite  commonly  it 
would  be  around  150  to  200  pounds  for  the  20  pounds  per  hour  increase  in 
fuel  flow.  . 


A  vapor  cycle  refrigeration  machine  used  as  the  intermediate  compo¬ 
nent  of  a  cooling  system  may  require  as  much  as  1  horsepower  input  power 
per  kilowatt  cooling.  Thus,  assuming  a  power  transmission  efficiency  of 
6756,  the  shaft  power  extraction  from  the  powerplant  amounts  to  about  1.5 
horsepower  per  kilowatt,  or  an  hourly  increase  in  the  fuel  rate  of 
roughly  0.75  pound  per  kilowatt  cooling  capacity.  The  increase  in  take¬ 
off  fuel  load  due  only  to  power  extraction  required  for  constant  flight 
range  would  be,  therefore,  between  2  and  10  pounds  per  kilowatt  cooling, 
depending  upon  the  type  of  aircraft  and  mission.  The  increase  in  take¬ 
off  fuel  load  for  typical  high  subsonic  flight  due  only  to  power  extrac¬ 
tion  would  be  about  7  pounds  per  kilowatt,  and  about  2  to  1*  pounds  per 
kilowatt  for  typical  flight  at  a  Mach  number  of  1.5.  For  a  conceivable 
cooling  load  of  100  kilowatts,  the  take-off  fuel  load  of  a  large  long- 
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range  aircraft  may  require  an  increase  of  as  much  as  1Q00  pounds  with  a 
vapor  cycle  cooling  system,  excluding  effects  due  to  weight  and  drag  of 
the  cooling  system. 

Application  of  Methods  for  Evaluation  of  Aircraft 
Penalty  of  Various  Types  of  Cooling  Systems 

la  the  previous  sub-sections  methods  for  evaluating  aircraft  penalty 
resulting  from  cooling  systems  are  presented  from  the  viewpoint  of  de¬ 
fining  the  equivalent  drag,  the  required  increase  in  aircraft  gross 
weight  for  fixed  payload  and  range,  the  required  reduction  in  payload 
for  fixed  gross  weight  and  range,  the  range  reduction  for  fixed  gross 
weight  and  payload,  and  the  range  reduction  for  fixed  fuel  load  and  pay- 
load.  For  study  of  the  relative  merits  of  aircraft  cooling  systems,  it 
is  believed  that  of  these  methods,  the  equivalent  drag  method  and  the 
method  defining  required  increase  in  aircraft  gross  weight  for  fixed 
payload  and  range  are  the  most  suitable.  The  equivalent  drag  method  has 
the  advantage  of  defining  a  parameter  which  the  aircraft  designer  can 
translate  into  the  effects  aqy  cooling  system  has  on  the  aircraft  per¬ 
formance  in  any  way  he  prefers.  It  has,  however,  the  basic  disadvantage 
of  being  difficult  to  interpret  and  does  not  present  in  a  tangible  way 
the  effects  cooling  systems  have  on  aircraft  performance.  The  method 
evaluating  gross  weight  increase  required  for  fixed  range  and  payload  is 
believed  to  provide  the  most  realistic  basis  for  comparison  of  cooling 
systems.  The  increase  in  gross  weight  allows  for  the  cooling  system, 
weight  and  the  .extra  fuel  load  required.  This  basis  of  ccmp>arison  most 
nearly  reflects  what  changes  in  design  of  an  aircraft,  having  fixed  mis¬ 
sion  characteristics,  are  required  when  a  Cooling  system  is  incorporated. 
The  method  does  not  account  for  change  in  fixed  weight  of  an  aircraft, 
which  would  normally  result  when  the  weight  is  increased  during  the  de¬ 
sign  stage.  No  attempt  has  been  made  to  include  this  effect  on  fixed 
weight.  The  method  represents  the  case  of  an  existing  aircraft  having 
its  gross  weight  increased  without  undergoing  structural  modifications. 

As  an  example  of  the  use  of  the  previously  presented  methods  the 
following  discussion  is  presented  for  the  ram  air  cooling  system.  The 
application  of  the  methods  to  other  types  of  cooling  systems  would  be 
similar . 

Both  direct  and  indirect  ram  air  cooling  systems  require  facilities 
for  taking  atmospheric  air  on  board  the  aircraft,  conveying  the  ram  air 
to  a  heat  exchanger,  and  then  conveying  it  to  the  point  of  ejection  from 
the  aircraft.  These  facilities,  comprising  the  ultimate  component,  in¬ 
troduce  dead  weight  and  dragj  the  latter  resulting  from  external  and 
momentum  drags  of  the  intakes,  outlets  and  the  ultimate  cooling  air  flow. 
Since  the  equipment  component  is  not  considered  as  part  of  the  cooling 
system,  the  weight  of  direct  ram  air  systems  is  defined  by 

wsy  *  (^intakes  +  W duct 3  +  ^outlets  )pj  *  %  (HI-26) 


1 h 
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The  drag  Is  defined  by 


Dr  gy*  ■  Drmcm_u  +  Dr  ex-intakes,  outlets  ■  Dry  (III-27) 


since  direct  systems  require  no  shaft  power  for  distribution  of  transfer 
fluids.  Thus,  for  direct  ram  air  cooling  systems,  the  increase  in  gross 
weight  required  for  constant  range  and  payload  is  defined  on  the  basis 
of  equation  (III-liia)  by 


(l-Xref)  AWg] 


gJram  air 
direct 


Wu 


The  equivalent  drag,  according  to  equation  (I1I-1),  would  be  evaluated  by 

kqL  alr  -  to*  *  (l£/nr)(Wu)  (HI-29) 

direct 

When  ram  air  is  employed  far  indirect  cooling  of  equipment  items, 
the  effects  of  the  intermediate  and  distribution  components  must  be  in¬ 
cluded  in  the  previous  relationships.  The  intermediate  component  in¬ 
creases  the  dead  weight  of  the  system  and  indirectly  affects  the  drag  of 
the  system  because  of  the  increased  flow  resistance  of  the  ultimate  cool¬ 
ing  air.  The  distribution  component,  in  addition  to  increasing  the  sys¬ 
tem  weight,  requires  power  extraction  from  the  aircraft's  powerplants 
for  circulation  of  the  transfer  fluid  in  the  distribution  component. 

Also,  the  power  must  be  transmitted  from  the  powerplants  to  the  transfer 
fluid,  and,  thereby,  requires  a  power  supply  system  which  might  be  a 
separate  unit  for  the  cooling  system  or  be  part  of  a  general  power  sup¬ 
ply  system  within  the  aircraft.  The  weight  of  the  indirect  ram  air  cool¬ 
ing  system  is  represented  by 


wsy  -  Wg  +  Wj  +  Wj)  +  Wp-gy  (ni-30) 

and  the  drag  by 

Drsy  -  Dru  +  (  AWfue;[/SFCref )  (HI-31) 

where  the  right-hand  term  of  equation  ( III-31)  defines  the  drag  equiva¬ 
lent  of  the  increased  fuel  flew  to  the  powerplants  required  to  maintain 
constant  propulsive  thrust  with  shaft  power  extraction.  The  gross  weight 
parameter  and  equivalent  drag  of  indirect  systems  are  defined  by  substi¬ 
tution  of  equations  (III-30)  and  (III- 31)  into  equations  (ni-lia)  and 
(HI-1).  Should  the  power  supply  system  be  operated  pneumatically  by 
bleed  air  from  the  powerplants,  the  right-hand  term  of  equation  (III-31) 
would  represent  the  increased  fuel  flow  required  because  of  the  compres¬ 
sor  air  bleed. 


Canprcmise  in  the  design  of  direct  and  indirect  ram  air  systems  is 
obtained  basically  by  distribution  of  the  aircraft  penalty  between  dead 
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weight  and  drag  on  the  aircraft.  One  extreme  of  design  is  minimization, 
of  drag  by  sacrificing  the  weight  of  the  cooling  system.  The  drag  of 
the  ultimate  component  may  be  minimized  by  using  non-protruding  intakes 
handling  low-energy  boundary  layer  air.  The  weight  flow  rate  of  ulti¬ 
mate  air  may  be  minimized  by  employing  heat  exchangers  of  high  effec¬ 
tiveness.  Lowering  the  air  flow  rate  reduces  the  external  and  momentum 
drags  of  the  ultimate  component.  The  reduction  in  drag,  however,  in¬ 
creases  the  system  weight,  since  by  utilizing  low-energy  boundary-layer 
air  the  pressure  available  for  overcoming  the  resistance  of  the  flow 
passages  is  low  and,  therefore,  the  size  of  the  air  ducts,  etc.,  must  be 
large.  Increasing  the  effectiveness  of  the  heat  exchanger  introduces 
greater  flow  resistance  and,  thereby,  reduces  the  pressure  loss  available 
for  the  ducts.  Oppositely,  one  may  design  for  minimum  dead  weight  by  em¬ 
ploying  high-resistance  flow  systems. 

A  major  problem  in  the  design  of  ram  air  cooling  systems  is  the  de¬ 
termination  of  the  optimum  distribution  between  dead  weight  and  drag  so 
as  to  impose  the  least  penalty  on  the  aircraft.  Similar  compromise  in 
design  is  required  for  the  distribution  component  of  all  indirect  sys¬ 
tems.  Small  weight  of  the  distribution  component  results  in  large 
pumping  power  and,  thereby,  appreciable  power  extraction  from  the  air¬ 
craft's  powerplants.  It  is  apparent  that  for  any  system  having  speci¬ 
fied  operational  conditions  there  exists  an  optimum  weight  or  size  of 
the  distribution  component  that  results  in  minimum  overall  penalty  im¬ 
posed  on  the  aircraft. 
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SECTION  IV 


THE  EQUIPMENT  COMPONENT 


For  the  evaluation  of  aircraft  cooling  systems  it  is  necessary  to 
know  the  heat  transfer  and  flow  resistance  characteristics  of  the  equip¬ 
ment  items  being  cooled.  With  indirect  cooling  systems,  these  charac¬ 
teristics  affect  directly  the  pumping  power,  transfer  fluid  flow  rate 
and  permissible  heat  transfer  temperature  level  in  the  intermediate  com¬ 
ponent  and,  thereby,  affect  indirectly  the  required  ultimate  fluid  flow 
rate  and  the  overall  performance  penalty  Imposed  on  the  aircraft.  With 
/  direct  cooling  systems,  the  heat  transfer  and  flow  resistance  character- 

V  istics  of  the  equipment  items  being  cooled  affect  directly  the  require¬ 

ments  of  the  ultimate  component. 

Since  the  types  of  equipment  items  which  may  require  cooling  in  ary 
aircraft  vary  widely  in  heat  transfer  and  coolant  flow  design,  it  is 
considered  Impossible  to  establish  a  generalized  relationship  between 
(  '  heat  transfer  and  flow  resistance  that  would  be  applicable  to  any  equip¬ 

ment  item  served  by  any  cooling  system.  In  order  to  take  these  charac¬ 
teristics  into  account  in  the  evaluation  of  cooling  systems,  it  would  be 
necessary  to  specify  the  number  of  each  of  the  various  types  of  equip¬ 
ment  items  being  cooled,  the  general  type  of  cooling  design  employed  for 
each  item,  and  the  relationship  of  heat  transfer  and  flow  resistance  for 
v  each  -type  of  cooling  design. 

Since  the  present  state  of  the  art  does  not  permit  definition  of 
these  basic  relationships  without  extensive  experimental  and  analytical 
study,  the  heat  transfer  aspects  of  the  equipment  items  are  defined  in 
this  study  by  employing  an  equipment  component  of  known  characteristics 
which  is  considered  to  be  an  integral  part  of  the  equipment  item.  The 
equipment  component  is  a  heat  exchange  surface  through  which  heat  is 
transferred  from  the  equipment  item  to  the  transfer  fluid  in  an  indirect 
system  or  directly  to  the  ultimate  fluid  in  a  direct  cooling  system. 

The  mechanism  by  which  heat  is  transferred  from  the  various  parts  of  the 
equipment  item  to  the  equipment  component  remains  unspecified  in  this 
study,  so  that,  presumably,  the  equipment  component  may  be  serving  ary 
type  of  equipment  item.  The  heat  transfer  surface  representing  the 
equipment  component  could  be  interpreted,  for  example,  as  the  envelope 
surfaces  of  all  parts  contained  in  an  equipment  item  having  an  open 
through-flow  cooling  arrangement,  or  as  an  external  heat  transfer  sur¬ 
face  for  closed  equipment  items  having  an  internal  coolant  which  is  cir¬ 
culated  over  the  component  surfaces  within  the  equipment  item  and  the 
internal  surface  of  the  equipment  component. 

Primarily,  for  the  purposes  of  defining  its  physical  make-up  and 

*  interpretation  of  cooling  system  characteristics,  the  equipment  compo¬ 
nent  is  simulated  by  a  heat  exchanger  of  tubular  construction.  The 
fluid  transporting  heat  to  the  intermediate  component  with  indirect 

*  cooling  systems  or  the  ultimate  fluid  with  direct  cooling  systems  is  as- 
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sumed  to  flew  through  the  tubes  of  the  heat  exchanger.  The  tube  surface 
of  this  heat  exchanger  represents  the  heat  transfer  surface  of  the  equip¬ 
ment  component.  The  simulating  heat  exchanger  serving  as  the  equipment 
component  represents  the  heat  transfer  link  between  the  cooling  system 
and  the  equipment  items.  It  is  necessary,  therefore,  that  the  desired 
temperature  level  and  cooling  rate  of  an  equipment  item  be  defined  in 
terms  of  the  equipment  component.  The  required  cooling  rate  for  an 
equipment  item  defines  the  required  cooling  capacity  of  the  equipment 
component.  The  desired  or  required  temperature  level  of  an  equipment 
item  must  be  indexed  fcy  selecting  a  temperature  for  the  heat  transfer 
surface  of  the  equipment  component.  It  is  assumed  in  all  instances  that 
the  temperature  of  the  surface  of  the  equipment  component  is  constant 
and  uniform  for  ary  selected  steady-state  operational  condition  of  the 
equipment  item  and  cooling  system.  Inasmuch  as  the  heat  transfer  mecha¬ 
nism  an  the  equipment  side  of  the  equipment  component  is  not  specified, 
it  is  not  possible  to  specify  the  temperature  level  of  the  equipment 
component  as  a  function  of  the  desired  temperature  level  of  parts  of 
equipment  items.  The  temperature  of  the  heat  transfer  surface  of  the 
equipment  component  must  be  considered  as  an  independent  variable  of 
analysis,  and  the  viewpoint  must  be  taken  that  cooling  system  perform¬ 
ance  and  physical  characteristics  shall  be  defined  for  a  range  of  tem¬ 
peratures  of  the  equipment  component.  On  this  basis,  the  major  problem 
associated  with  ,the  use  of  an  equipment  component  to  represent  the 
equipment  items  becomes  one  of  selecting  the  most  appropriate  range  of 
temperatures  to  be  used  for  evaluation  of  cooling  systems. 

The  temperature  of  the  heat  transfer  surface  of  the  equipment  com¬ 
ponent  was  specified  for  this  study  to  range  from  130°to  250°F.  This 
infers  roughly  equipment  items  which  have  required  mean  temperature 
levels  from  slightly  above  130°F  (5U.U°C)  to  3$0-U00°F  ( 175-200 °C)  oir 
higher.  The  summarization  of  the  approximate  limiting  temperatures  of 
a  wide  variety  of  equipment  items  presented  in  Reference  IV-1  yields  a 
distribution  curve  roughly  as  illustrated  in  Figure  17-1,  Thus,  typi¬ 
cally,  based  on  present  and  near-future  temperature  limits,  about  75% 
of  all  equipment  items  have  a  limiting  temperature  between  130°and  250°F, 
As  the  state  of  the  art  improves  the  distribution  curve  will  shift  to 
the  right  in  Figure  TV-1,  so  that  equipment  canponent  temperatures  of 
20CP  to  250°F  will  be  required  when  the  bulk  of  the  equipment  items  have 
limiting  temperatures  in  the  range  of  2$cPto  35CPor  UOCrF.  The  speci¬ 
fied  range  in  surface  temperature  on  the  equipment  component  of  from 
1305  to  2$0°F  to  be  used  for  investigation  of  aircraft  cooling  system 
performance  and  physical  characteristics  appears  to  be  most  appropriate 
for  existing  and  near-future  equipment  items  in  general. 
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Figure  17-1.  Approximate  frequency  distribution  curve 
on  temperature  limits  of  various  aircraft  equipment 
items.  Based  on  temperature  limit  data  in  Ref.  17-1. 


Nomenclature 


Symbol 


Concept 


Dimensions 


Cp 

specific  heat  at  constant  pressure 

Btu  per  pound-°R 

d* 

diameter 

feet 

e 

heat  exchanger  effectiveness 

dimensionless 

f 

Darcy  friction  factor 

dimensionless 

h 

heat  transfer  coefficient 

Btu  per  hour-square 
foot-^l 

J 

mechanical  equivalent  of  heat 

foot-pounds  per  Btu 

k 

coefficient  of  thermal  conductivity 

Btu  per  hour-foot-'  a 

K 

flow  resistance  coefficient 

dimensionless 

L 

length 

feet 

N 

number  of  items 

dimensionless 

P 

pressure 

pounds  per  square 
foot,  abs. 

P 

power 

Btu  per  hour 

PC 

power-to-cooling  ratio 

dimensionless 

Pr 

Prandtl  number 

dime  ns  io  nless 

q 

heat  rate 

Btu  per  hour 

Re 

Reynolds  number 

dimensionless 

S 

surface  area 

square  feet 

T 

temperature 

°R 

u 

flow  velocity 

feet  per  second 

w 

fluid  flow  rate 

pounds  per  hour 

a 

area  ratio 

dimensionless 
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Y  specific  weight  pounds  per  cubic  foot 

A  difference 

Refers  to 

exit 

equipment  component 
inlet 
mean  value 


total  or  stagnation  conditions 

Equipment  Component  Characteristics  Requiring 
Specification  for  (Spoiling  System  Valuation 

Since |  in  general,  it  is  not  possible  to  specify  the  type  and  heat 
transfer  and  flow  resistance  characteristics  of  the  equipment  component, 
all  characteristics  of  the  equipment  component  required  to  conduct  cool¬ 
ing  system  studies  must  be  considered  as  independent  variables  of  the 
cooling  system.  Thus,  the  cooling  system  studies  should  determine  the 
effects  these  variables  have  on  the  system's  performance  and  physical 
characteristics . 

The  general  characteristics  of  the  equipment  component  which  should 
be  specified  are  (1)  the  required  cooling  capacity,  (2)  the  desired  sur¬ 
face  temperature,  (3)  the  effectiveness  of  heat  exchange,  and  (h)  the 
flaw  resistance  or  the  percentage  of  loss  in  total  pressure  of  the  fluid 
flowing  over  the  heat  transfer  surface.  These  four  characteristics  are 
independent  variables  for  the  cooling  qystem  study.  Practical  limita¬ 
tions  and  approximate  interrelations  of  the  variables  should  be  used 
whenever  possible  by  the  designer  to  avoid  evaluation  and  design  of  sys¬ 
tems  operating  under  unrealistic  conditions.  Specification  of  the  inde¬ 
pendent  variables  cooling  capacity,  percentage  of  loss  in  total  pressure 
and  the  temperature  rise  of  the  fluid  passing  through  the  equipment  com¬ 
ponent  may  be  substituted  for  the  above-mentioned  group  when  it  is  not 
necessary  to  have  specified  the  surface  temperature  associated  with  the 
heat  exchange  process.  In  general,  it  is  believed  that  mare  practical 
limitations  on  the  ranges  of  investigation  may  be  maintained  by  using 
the  former  set. 

The  effectiveness  of  heat  exchange  of  the  equipment  component  is 
defined  by 

eE  ’  <TEe  -  TEiV(T]fc  -  Tft)  (17-1) 

and  represents  the  ratio  of  the  actual  temperature  rise  of  the  fluid 
passing  through  the  equipment  component  to  the  maximum  temperature  rise 
theoretically  possible.  The  cooling  capacity  in  Btu  per  hour  is  related 
to  the  flow  rate  and  fluid  temperature  rise  by 


Subscript 

s 

E 

i 

m 

Superscript 

o 
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q*  -  WJ  OpE  (Ij,  -  *H.) 

OP 

<lE  »  °pj;  eE  (t!b  "  ?Ei)  (17-3) 

The  percentage  of  total  pressure  loss  is  defined  as  the  ratio  of  the 
drop  in  total  pressure  of  the  flul4  across  the  equipment  component  to 
the  total  pressure  of  the  fluid  at  inlet  to  the  equipment  component* 

Analysis  for  the  Equipment  Component 
Simulated  by  a  Tubular  Heat  fccchanger 

The  transfer  or  ultimate  fluid  flows . through  the  tubes  of  the 
equipment  component.  Heat  transfer  between  the  tube  surface  and  the 
fluid  occurs  by  forced  convection.  The  heat  transfer  coefficient  is 
defined  by  the  standard  NUsselt  expression 

h  di/k  -  0*0225  (Re)0*8  (Pr)0*1*  (I7-li) 

Effects  of  transitional  flow  in  the  vicinity  of  the  tube  entrance  on  the 
average  heat  transfer  coefficient  for  the  entire  passage  are  ignored, 
which  leads  to  conservative  values  of  the  heat  transfer  coefficient  cal¬ 
culated  from  this  equation.  A  more  convenient  form  of  equation  (I7-U) 
is  obtained  by  introduction  of  the  friction  factor  f,  which  far  smooth 
surfaces  is  related  to  the  Reynolds  number  by  the  expression 

f  -  0*l8/(Re)0"2  (17-5) 

Combining  equations  (17-1+)  and  (17-5)  yields 

h  .  (f/8)(  yu  Cpi/CPr)0-1*  (17-6) 

where  y  represents  the  specific  weight  of  the  fluid  in  pounds  per  cubic 
foot  and  u  the  flow  velocity  of  the  fluid  while  passing  through  the 
tubes . 


The  heat  dissipated  to  the  fluid  by  forced  convection  is  defined  by 
qE  •  (h  S  ATm)E  (17-7) 

where  S  represents  the  inside  surface  area  of  all  tubes  in  the  equip¬ 
ment  component  and  ATm  represents  the  mean  temperature  differential  of 
heat  transfer  between  the  fluid  and  the  tube  surface.  With  the  tube 
surface  specified  to  be  at  constant  temperature,  the  mean  temperature 
differential  is  defined  by 

AT**  .  <*»  -  [(Tffi  -  TfiVda  -  T*)]  (17-8) 

The  surface  area  of  heat  transfer  is  defined  by 
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Sj;  •  «  dgi  Lj;  Ng 


(17-9)  . 


with  LE  representing  the  tube  length  and  %  the  number  of  tubes  in  the 
equipment  component.  Also,,  by  heat  balance ,  the  heat  received  by  the 
transfer  fluid  is  related  to  the  flow  area.,  velocity  and  fluid  tempera¬ 
ture  rise  by  the  equation 

qE  -  0.78*  NE  (dEi)2  (yu  cp)E  (Tjje  -  T^)  (17-10) 

By  combining  equations  (17-6),  ( 17-7 ) ,  (17-8),  (17-9)  and  ( 17-10) ,  one 
obtains 

(f  LB/2di)E  -  (PrE)0e6  In  [(T&  -  TEi)/(T&  -  T*)]  (17-11) 

which  relates  the  length  parameter  of  the  tubes  in  the  equipment  compo¬ 
nent  to  the  inlet  and  exit  temperatures  of  the  fluid  passing  through  and 
to  the  surface  temperature  of  the  equipment  component.  Then.,  by  use  of 
equation  (17-1),  equation  (17-11)  may  be  expressed  in  the  farm 

.  (f  V^i^  -  (PrE)°‘6  In  [  1/(1  “  eE)]  (17-12) 

This  equation  serves  to  define  the  interrelation  of  effectiveness  of 
heat  exchange  and  tube  length-to-diameter  ratio  when  the  heat  exchange 
surfaces  are  at  constant  and  uniform  temperature. 

The  effectiveness  of  the  equipment  component  is  used  extensively  as 
an  independent  variable  of  analysis  far  evaluation  of  cooling  system 
performance  and  physical  characteristics .  In  general,  high,  values  of 
effectiveness,  above  about  0.90,  imply  equipment  cooling  design  having 
considerable  heat  transfer  surface  in  series  with  the  flow,  which  cre¬ 
ates  near-maximum  heat  exchange  for  the  available  inlet  temperature  dif¬ 
ferential.  The  eff ectively  long  heat  transfer  passages  also  result  in 
considerable  resistance  to  flow.  Low  effectiveness  of  heat  exchange  im¬ 
plies  relatively  short  flow  passages  having  low  flow  resistance  and  re¬ 
duced  heat  transfer  capacity.  Aircraft  equipment  items  have  effective¬ 
nesses  ranging  from  0.2  to, occasionally,  above  0.9. 

The  pressure  loss  of  the  fluid  across  the  equipment  component-  is 
the  result  of  frictional  resistance  of  the  flow  passages  and  abrupt 
contraction  and  expansion  at  their  entrance  and  exit,  respectively. 
Assuming  the  flow  to  be  incompressible,  the  loss  in  total  pressure 
across  the  heat  exchanger  is  defined  by 

(  Ap°/r  )E  -  (u|/2g)  £  +  (1  -  oE)2  +  (fl/di)E]  ( 17-13) 

where  uE  represents  the  flow  velocity  of  the  fluid  during  passage 
through  the  tubes,  Kjy.  the  entrance  loss  coefficient  and  (l~aE)"  the 
exit  loss  coefficient,  where  aE  represents  the  ratio  of  the  cross-sec¬ 
tional  area  of  flow  in  the  tubes  to  that  in  the  headers.  Typically, 
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and  oq  have  values  of  0.2$  to  0.3$  and  0.U  to  0.$,  respectively ,  so  that 
the  sum  of  the  entrance  and  exit  loss  coefficients  is  about  0.6.  Equa¬ 
tions  ( 17-13)  and  (17-12)  may  be  combined  to  relate  the  flow  resistance 
of  the  equipment  component  to  the  effectiveness  of  heat  exchange. 

<Wy)*  •  (vt|/2g)  {%  +  *  2(»e>°“6  111  [Vd-V]}  tIT-:u‘) 

With  liquids  as  the  transfer  fluid  flowing  through  the  equipment 
component  in  indirect  systems  the  entrance  and  exit  losses  represent  a 
smaller  percentage  of  the  flow  resistance  than  far  air  used  in  direct 
systems  because  of  their  higher  Prandtl  number.  Typically,  for  an  ef¬ 
fectiveness  of  8056  the  entrance  and  exit  losses  are  about  10  and  2056  of 
the  total  flow  resistance  for  water  and  air,  respectively. 

The  flow  velocity  in  the  tubes,  uE,  is  in  the  above  pressure  drop 
relationship  basically  an  independent  variable  of  analysis.  Increasing 
the  flow  velocity  results  in  heat  exchangers  of  proportionally  smaller 
frontal  area  and  volume  but  greater  flow  resistance.  Hence,  the  selec¬ 
tion  of  the  flow  velocity  involves  a  compromise  in  design  between  size 
and  flow  resistance.  This  phase  of  design  must  be  approached  from  the 
equipment  design  viewpoint  with  the  results  being  Integrated  with  the 
effects  on  cooling  system  performance,  and  indicates  the  importance  of 
integrating  equipment  cooling  design  with,  cooling  system  design. 

The  pumping  power  required  to  transport  the  fluid  through  the 
equipment  component  Is  related  to  the  pressure  drop  try  the  equation 

PE  '  we<AP°/t)e  (17-1$) 

The  cooling  capacity  cf  the  exchanger  may  be  expressed  as 

qE  ■  cp)E(TEe  “  TEi)  *  (w  cp)  (®e)(t£s  “  TEi)  (17-16) 

Thus,  the  power-cooling  ratio  of  the  exchanger  is 

PCE  •  Apgy^J(cpy  e)E  (Tjk  -  Tjj,)] 
or,  by  use  of  equation  (17-lU) 

+  (l~aE)2  +  2(PrE)°‘^ln 

PCflJ  •  l.l.l*lWWlHW..i,l-l|'.W  Ml  —  ■■■■■  11!  ■ 

2gJ(«p  e)E  (Tj^  **  Tjft) 


]  (u l„)S 


(17 ->17) 


or 


(SC*) 


100 

100 

_UE_ 

%  +  (L-a*)2  +  2(PrE)°°6  In  3— 
$0l(<Sp  e)E 


(17-18) 
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In  inspection  of  equation  (17-18)  shows  that  far  typical  values  of 
the  entrance  and  exit  loss  coefficients,  the  power-cooling  ratio  of  the 
exchanger  is  a  minimum  far  effectivenesses  in  the  range  of  0.3  to  O.k 
for  liquids  and  0.5  to  0.55  for  gases.  Although  these  conditions  repre¬ 
sent  the  minimum  pumping  power  required  for  any  required  cooling  capaci¬ 
ty,  the  optimum  condition  refers  only  to  the  equipnent  component.  The 
desirable  effectiveness  for  the  equipment  component,  frcm  the  stand¬ 
point  of  optimum  cooling  system  design,  would  generally  be  greater  than 
these  values,  since  higher  effectiveness  reduces  the  required  flow  rate 
for  the  cooling  system. 

Equations  defining  the  weight  and  spatial  requirements  of  the 
equipment  canponent  ere  not  included  since  these  parameters  are  not  in¬ 
cluded  in  the  study  of  cooling  systems.  The  equipment  component  is  as¬ 
sumed  to  be  an  integral  part  of  each  equipment  or  group  of  equipment 
items  and  does  not  in  effect  constitute  a  part  of  the  cooling  system  in 
the  present  study.  The  long-range  integration  of  equipment  cooling  de¬ 
sign  and  cooling  system  design  would  necessitate  detailed  consideration 
of  these  factors. 

Equipment  Component  Interpretation 
for  Groups  of  Equipment  Items " 

As  discussed  in  the  previous  sub-sections,  the  equipment  component 
consists  of  a  heat  exchanger  represented  in  regard  to  heat  transfer  by 
a  surface  temperature  Tjs  and  an  effectiveness  of  heat  exchange  ejg. 
Cooling  systems,  in  general,  would  serve  a  number  of  equipment  items  so 
that  the  equipment  component  must  be  considered  to  represent  the  equiva¬ 
lent  of  aLl  the  individual  equipment  items.  Since  the  procedure  fol¬ 
lowed  in  this  study  is  to  evaluate  cooling  system  characteristics  in 
terms  of  equipment  component  surface  temperature  and  effectiveness,  it 
is  necessary  to  be  able  to  translate  this  information  in  terms  of  the 
heat  transfer  characteristics  of  any  group  or  groups  of  equipment  items. 
Thus,  if  the  heat  transfer  characteristics  of  all  equipment  items  are 
known,  it  would  be  necessary  to  translate  this  information  in  a  manner 
such  that  an  equivalent  equipment  component  is  defined  having  a  speci¬ 
fied  surface  temperature ,  effectiveness  of  heat  exchange  and  cooling  ca¬ 
pacity.  Oppositely,  it  would  oftentimes  be  desirable  to  be  able  to 
specify  the  equivalent  in  terms  of  equipment  items  of  any  selected  can- 
bination  of  equipment  component  surface  temperature,  effectiveness  and 
cooling  capacity. 

Since,  in  general,  the  effective  temperature  far  heat  transfer 
varies  considerably  for  different  equipment  items,  a  study  of  this 
problem  has  indicated  only  one  general  and  reliable  method  far  convert¬ 
ing  from  a  group  of  equipment  items  to  an  equivalent  equipment  canponent, 
or  vice  versa.  This  method  is  to  convert  from  combinations  of  inlet 
temperature  and  coolant  flow  rates  required  to  an  equivalent  combination 
of  surface  temperature,  effective  and  inlet  temperature.  If  the  cooling 
requirements  for  each  equipment  item  are  specified  by  a  plot  of  maximum 
permissible  inlet  temperature  versus  coolant  flow  rate,  the  overall  mixed 
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mean  temperature  rise  and  required  inlet  temperature  for  any  flow  rate 
may  be  specif ied,  since  by  equation  (17-1) 

ATt  ■  eg  (Tjg  -  Tji),  (17-19) 

the  arbitrary  selection  of  any  numerical  value  of  either  effectiveness 
or  surface  temperature  will  permit  definition  of  the  other.  Stated  in 
another  wayi  knowledge  of  the  required  inlet  temperature  and  the  fluid 
temperature  rise  is  sufficient  to  define  the  cooling  system  character¬ 
istics  and  any  combination  of  effectiveness  and  surface  temperature 
satisfying  equation  (17-19)  will  suffice.  Should  all  equipment  items 
represented  by  an  equipment  component  have  the  same  surface  temperature, 
then  evaluation  of  the  mixed  mean  temperature  rise  aT^  and  the  inlet 
temperature  allows  definition  Of  the  equipment  component  effectiveness 
directly  by  equation  (17-19),  or  selection  of  the  effectiveness  defines, 
the  fluid  temperature  rise.  Best  arrangement  of  the  equipment  items 
for  any  specified  overall  temperature  rise  and  inlet  temperature  is  not 
considered  in  the  cooling  system  study. 

Physical  characteristics  and  performance  of  cooling  systems  pre¬ 
sented  in  the  subsequent  sections  treat  the  equipment  component  on  the 
basis  of  surface  temperature  and  effectiveness  as  independent  variables. 
In  order  to  interpret  these  data  in 'terms  of  required  inlet  temperature 
and  flow  rates,  values  of  the  equipment  component’s  inlet  temperature 
are  presented.  Then,  the  mixed  mean  temperature  rise  may  be  defined  by 
use  of  equation  (17-19),  and  the  corresponding  required  flow  rate  by 
heat  balance. 
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SECTION  V 


*  ’  ^ 

THE  DISTRIBUTION  COMPONENT 


The  distribution  coup  one  nt  of  a  direct  cooling  system  represents 
the  distribution  lines  for  the  supply  of  the  ultimate  coolant  to  equip¬ 
ment  components.  The  distribution  component  of  an  indirect  cooling 
system  represents  the  flow  system  used  for  circulation  of  a  transfer 
fluid  between  the  equipment  components  and  the  intermediate  component. 

In  the  present  study,  fcr  the  types  of  cooling  systems  considered  and 
because  of  the  use  of  the  equipment  component  to  represent  the  equip¬ 
ment  items,  the  use  of  the  distribution  component  is  almost  exclusively 
associated  with  indirect  cooling  systems.  Thus,  the  use  of  a  distribu¬ 
tion  component  Implies  a  cooling  system  consisting  of  an  ultimate  com¬ 
ponent,  using  either  a  liquid  or  air  as  the  ultimate  fluid,  a  heat  ex¬ 
changer  serving  as  the  intermediate  component  between  the  transfer  and 
ultimate  fluids,  and  a  distribution  component  conveying  the  transfer 
fluid  between  the  intermediate  component  and  the  equipment  component 
representing  the  various  equipment  items. 

The  distribution  component,  when  used  as  a  flow  system  far  circu¬ 
lation  of  a  transfer  fluid  between  equipment  components  and  an  inter¬ 
mediate  component,  may  have  physical  characteristics  of  widely  varying 
nature,  depending  upon  cooling  system  variables  such  as  (1)  equipment 
heat  load,  (2)  equipment  surface  temperature,  (3)  effectiveness  of  heat 
exchange  at  equipment  heat  transfer  surfaces,  (£)  type  of  transfer  flu¬ 
id,  (5>J  dispersion  of  heat  loads  throughout  the  aircraft,  and  (6)  the 
piping  arrangement  selected  for  transfer  of  the  fluid  to  and  from  the 
equipment  components.  Because  of  the  multiplicity  of  possible  flow  ar¬ 
rangements  of  a  transfer  system  and  the  operational  conditions  of  the 
equipment  components,  and  because  of  the  influence  the  designer  as  an 
individual  can  have  on  the  physioal  characteristics  of  a  component  of 
this  type,  it  is  desirable  to  simulate  the  distribution  component  by 
analytical  models.  The  objective  of  constructing  such  models  would  be 
to  reduce  complex  flow  systems  to  simplified  networks  which  are  amenable 
to  rational  analysis.  The  simulating  models  should  be  analytically  de¬ 
signed  to  permit  the  maximum  generalization  of  all  variables  influencing 
the  characteristics  of  the  distribution  component.  The  following  gen¬ 
eralizations,  which  are  believed  representative  of  real  distribution 
components,  can  be  made  to  permit  this  type  of  study. 

Ill  transfer  lines  (a  transfer  line  consists  of  a  supply  header  and 
a  return  header)  can  be  visualized  as  consisting  of  starting  sections 
and  operating  sections.  A  starting  section  in  a  transfer  line  serves  to 
transport  the  cooling  fluid  between  the  intermediate  component  and  the 
general  vicinity  within  the  aircraft  at  which  the  cooling  fluid  is  used 
for  ooollng  of  equipment  items.  Within  the  starting  section,  fluid  is 
not  removed  from  or  returned  to  either  supply  or  return  headers.  Hence, 
the  physical  characteristics  remain  essentially  constant,  regardless  of 
the  operational  conditions  or  the  distance  necessary  for  transport  of 
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the  fluid.  The  operating  section  of  the  transfer  line  is  defined  as 
those  parts  of  the  distribution  component  where  fluid  is  removed  from 
the  supply  header,  passes  through  heat  exchangers  simulating  equipment 
items,  and  is  received  by  the  return  header  for  transport  to  the  inter¬ 
mediate  component.  The  length  of  the  starting  section  relative  to  the 
length  of  the  operating  section  of  any  transfer  line  depends  upon  the 
relative  location  of  the  intermediate  component  and  the  dispersion  of 
equipment  items  selected  to  be  served  by  any  cooling  system,  whether  in¬ 
dividualized  or  centralized  in  basic  design. 

The  operating  section  of  a  transfer  line  is  generalized  by  intro¬ 
ducing  as  an  independent  variable  the  gradient  with  respect  to  flow  dis¬ 
tance  of  the  local  cooling  capacity  divided  by  the  product  of  the  local 
effectiveness  of  heat  exchange  and  the  local  difference  in  temperature 
of  the  equipment  heat  transfer  surfaces  and  the  transfer  fluid.  This 
gradient  then  serves  to  define  the  local  gradients  of  flow  output  from 
the  supply  header  and  flow  input  to  the  return  header.  The  gradient  may 
be  assigned  various  functional  relationships  with  respect  to  ;distance, 
which  thereby  permits  simulation  of  any  type  continuous  liquid  removal 
rates  that  would  be  required  of  arbitrarily  arranged  cooling  loads  along 
the  transfer  line.  Furthermore,  the  assigned  gradient  can  be  interpreted 
to  represent  any  combination  of  cooling  capacity,  effectiveness  and  sur- 
£ace-to-fluid  temperature  differential  that  might  be  associated  with  an 
equipment  item. 

With  an  analytical  model  so  constructed,  the  general  characteristics 
of  the  operating  and  starting  section  may  be  defined,  and  the  results 
would  be  employed  to  define  the  characteristics  of  the  transfer  system 
serving  any  arbitrarily  selected  group  of  equipment  items.  The  methods 
for  selecting  optimum  transfer  line  sizes  in  relation  to  the  overall 
penalty  imposed  on  the  aircraft  must  be  defined.  Thereafter,  the  pen¬ 
ally  on  aircraft  performance  resulting  from  the  distribution  component 
may  be  defined. 

Nomenclature 


Symbol 


Concept 


Dimensions 


A 

flow  area 

square  feet 

B 

a  parameter 

dimensionless 

cp 

specific  heat  at  constant  pressure 

Btu  per  pound-°R 

Dr 

drag 

pounds 

e 

effectiveness  of  heat  exchange 

dimensionless 

f 

Darcy  friction  factor 

dimensionless 

K 

flow  resistance  coefficient 

dimensionless 

kw 

cooling  rate 

kilowatts 

L 

length 

feet 

Lf 

lift  of  aircraft 

pounds 

P 

pressure 

pounds  per  square 
foot,  abs. 

P 

power 

Btu  per  hour 
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Symbol 

Concept 

Dimensions 

q 

heat  rate 

Btu  per  hour 

Re 

Reynolds  number 

dimensdo  nless 

SFC 

thrust  specific  fuel  consumption 

pounds  per  hour-pound 
thrust 

sg 

specific  gravity ,  referred  to  62  olt 
pounds  per  cubic  foot 

dimensionless* 

t 

thickness 

feet 

T 

temperature 

°R 

u 

flow  velocity 

feet  per  second 

V 

volume 

cubic  feet 

w 

fluid  flow  rate 

pounds  per  hour 

W 

weight 

pounds 

X 

distance  along  tube 

feet 

X 

ratio  of  fuel  load  at  take-off  to 

dimensionless 

gross  weight  of  aircraft 

7 

length  parameter 

dimensionless 

a 

area  ratio  or  parameter 

dimensionless 

P 

parameter 

dimensionless 

y 

specific  weight 

pounds  per  cubic  foot 

ft 

viscosity,  absolute 

pound-seconds  per 
square  foot 

T1 

component  efficiency 

dimensionless 

r 

parameter 

Subscript 

.  Refers  to 

d 

constant-diameter  header 

D 

distribution  component 

dp/dx 

constant-pressure-gradient  header 

E 

equipment  component 

ex 

external 

F 

fitting 

g 

gross  weight 

i 

inlet  or  internal 

I 

intermediate  component 

op 

operating  section 

opt 

optimum  value 

p-sy 

power  supply  system 

ref 

reference  value 

s 

surface 

sh 

shaft  power 

st 

starting  section 

sy 

cooling  system 

t 

transfer  fluid 

u 

constant-velocity  header 

U 

ultimate  component 

f 

0 

base  value  or  inlet  station  of  operating  section 

1 

exit  of  supply  header  in  operating  section 

2 

inlet  of  return  header  in  operating  section 

3 

exit  of  return  header  in  operating  section 
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Superscript 


Refers  to 


N 

0 

I 

a 

n 

P 


unit  of  inches 

total  or  stagnation  conditions 
power  in  horsepower  or  to  partial  value  of 
any  parameter 
exponent 
exponent 
exponent 


Physical  Characteristics  of  Transfer  Lines 


When  employing  liquid  transfer  fluids  in  cooling  systems  it  would 
not  be  desirable  to  pressurize  the  fluid  more  than  is  required  to  over¬ 
come  the  frictional  resistance  of  the  flow  circuit.  Hence,  the  maximum 
internal  line  pressure  for  most  transfer  systems  would  be  in  the  range 
from  a  few  pounds  per  square  inch  to  several  hundred  pounds  per  square 
inch.  Within  this  pressure  range,  medium  and  low  pressure  hydraulic 
tubing  probably  would  be  employed  to  convey  the  liquid  transfer  fluid. 


Standards  of  wall  thickness  of  aluminum,  steel  and  copper  hydraulic 
tubing  were  surveyed  to  determine  variations  with  standard  tube  size, 
defined  by  external  diameter.  A  maximum  internal  pressure  of  5 00  pounds 
per  square  inch  was  considered.  Wall  thicknesses  were  defined  on  the 
basis  of  Class  I  use,  according  to  the  Joint  Industrial  Committee  for 
hydraulic  Standards  and  on  the  basis  of  standard  Class  A  aircraft  serv¬ 
ice  in  which  a  working  safety  factor  of  four  is  utilized.  The  results 
of  this  survey  are  shown  in  Figure  V-l,  where  wall  thickness  is  plotted 
as  a  function  of  external  tube  diameter  far  standard  sizes  in  various 
materials.  It  is  intended  that  the  curve  shown  on  this  graph  be  used 
for  evaluation  purposes  to  define  wall  thickness  as  a  function  of  tube 
external  diameter.  Inasmuch,  however,  as  results  of  cooling  system 
studies  have  yielded  optimum  line  diameters  of  less  than  1  inch  far 
nearly  all  design  conditions,  it  is  assumed  in  the  following  that  the 
wall  thickness  is  constant  and  equal  to  0.038  inch  far  the  general  range 
of  tube  sizes  from  l/B  to  1  inch.  The  wall  thickness  variation  with  di¬ 
ameter  described  by  the  curve  in  Figure  V-l  is  defined  by  the  equation 

.  0.03  [i  +  (VsKdS^)2]  (v-l) 

so  that  the  internal  diameter  is  defined  by 

djji  ■  ^D-ex  “  0,02  dp_a-y)  -  0.06  (V— 2) 

and  the  weight  per  foot  of  tubing  by 

Wp-tubl *  (constant)  dp_py  —  0 . 03  —  0 . 

*  (V3)(dS-e%)3(l  -  0.01  dU>]  (V-3) 
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Figure  V-l.  Wall  thickness  of  medium-  and  low-pressure  tubing. 

where  the  constant  is  equal  to  0.110  for  aluminum,  0.318  for  steel  and 
O.363  for  copper.  If  a  constant  wall  thickness  of  O.O38  inch  is  as¬ 
sumed  for  the  tube  diameter  range  below  about  1  inch,  then  the  weight 
per  foot  of  aluminum  tubing  is  defined  by 

WD-tubinA)  -  O.U|0(dS^  -  0.038)  -  O.lliOCdJi  +  O0O38)  (V-h) 

The  weight  of  standard  aircraft  fittings  has  been  studied  to  estab¬ 
lish  their  weight  variation  with  size.  The  results  are  illustrated  in 
Figure  V-2  for  aluminum  fittings.  In  the  general  study  of  distribution 
components  it  is  not  possible  to  specify  the  number  and  various  types  of 
fittings  used.  Therefore,  it  is  assumed  that  the  weight  of  fittings  is 
2$%  of  the  line  weight*  which  for  an  average  line  diameter  of  0.50  inch 
is  the  equivalent  of  about  one  fitting  to  every  3  foot  of  line.  Proba¬ 
bly,  this  factor  of  2$%  would  be  somewhat  low  for  most  operating  sec¬ 
tions  and  high  for  starting  sections  of  distribution  components,  but  may 
be  considered  as  a  representative  value  for  an  average  distribution  com¬ 
ponent.  The  weight  of  the  distribution  component  per  foot  is  defined, 
therefore,  by 

WjA,  -  0.17*(dg_gr  -  0.038)  -  0.175(dgi  +  0.038)  (V-5) 

based  on  aluminum  as  the  material  and  a  constant  value  for  the  wall 
thickness  of  O.O38  inch. 
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Figure  V-2.  Weight  of  standard 
aluminum  aircraft  fittings . 


Energy  Balance  and  Circulation  Rate 
Transfer  ftluid 


of 


The  flow  circuit  of  the  distribution  component  serving  an  indirect 
system  between  the  equipment  and  intermediate  components  is  illustrated 
schematically  in  Figure  V-3.  Far  purposes  of  simplifying  analysis  and 
evaluation,  all  equipment  items  are  assumed  to  have  their  individual 
equipment  heat  exchangers  represented  by  a  single  exchanger  having  a 
surface  temperature  Tjg  and  an  effectiveness  of  heat  exchange  eg,  as 
discussed  in  Section  IV.  The  transfer  fluid  is  circulated  through  the 
distribution  component  by  a  pump.  The  location  of  the  pump  does  not  ap¬ 
pear  to  be  critical.  In  respect  to  heat  transfer,  the  pump  is  best  lo- 


Ultimate  Fluid 


Distribution  Component 


TU-I~i 


^TU-I-e  | 


LEi 


Intermediate 

Equipment 

Component 

Component 

tEs*  eE 

Circulating 

Tl~t~i 


Pump 


9 


LEe 


Figure  V-3*  Schematic  arrangement  of  the  distribution 
component  in  relation  to  equipment  and  intermediate 
components  for  indirect  cooling  systems. 
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cated  immediately  ahead  of  the  intermediate  component  since  ary  tempera¬ 
ture  rise  of  the  fluid  created  by  the  pump  would  increase  the  temperature 
potential  of  the  exchanger  and,  thereby,  serve  to  minimize  the  effect  of 
this  temperature  rise  on  the  average  temperature  level  of  the  transfer 
fluid  in  the  distribution  component.  Oppositely,  however,  from  the  view¬ 
point  of  minimizing  the  required  base  pressure  level  of  the  transfer 
fluid,  the  pump  would  be  best  located  Immediately  ahead  of  the  equipment 
component.  This  would  provide  a  pressure  level  sufficient  to  prevent 
boiling  of  the  transfer  fluid  in  the  high- temperature  region  of  the  sys¬ 
tem,  while  operating  the  system  at  the  lowest  base  pressure  possible . 
Ordinarily,  neither  of  these  effects  have  been  found  to  be  important  and 
are.  ignored  in  the  evaluation  procedures  for  the  distribution  component. 

The  transfer  fluid  enters  the  equipment  component  at  the  tempera¬ 
ture  Tgi,  which  is  assumed  equal  to  the  temperature  of  the  transfer  flu¬ 
id  at  exit  of  the  intermediate  component,  and  leaves  the  equip¬ 

ment  component  at  the  mixed  mean  temperature  Tjjg .  Since  any  temperature 
rise  of  the  transfer  fluid  across  the  circulation  pump  is  assumed  to  be 
negligible,  the  temperature  of  the  transfer  fluid  at  entrance  to  the 
intermediate  component,  T is  equal  to  the  mixed  mean  temperature 
TjSe*  Assuming  no  heat  loss  or  gain  in  the  distribution  component  be¬ 
tween  the  equipment  and  intermediate  components,  the  heat  transfer  rate 
in  the  intermediate  component  from  the  transfer  fluid  to  the  ultimate 
fluid  is  equal  to  the  heat  transfer  rate  in  the  equipment  component  and 
represents  the  cooling  capac ity  of  the  system.  The  temperature  of  the 
ultimate  fluid  at  inlet  to  the  intermediate  component  is  represented  by 
Tu-I-i  811(1  exit  toy  Tu_i_^.  The  overall  temperature  potential  for  the 
equipment,  distribution  and  intermediate  components  is  the  difference 
between  the  equipment  component  surface  temperature,  Tjg,  and  the  tem¬ 
perature  of  the  ultimate  fluid  at  inlet  to  the  intermediate  component, 
Tu-I-i*  By  establishing  analytically  the  distribution  component  charac¬ 
teristics  as  a  function  of  this  overall  temperature  difference,  the 
physical  characteristics  and  performance  requirements  of  the  distribution 
component  may  be  integrated  conveniently  into  the  overall  evaluation  of 
cooling  systems. 

Since  the  transfer  fluid  flow  rate  through  the  equipment  component  * 
is  equal  to  that  through  the  intermediate  component,  and  the  heat  trans¬ 
fer  rates  in  both  components  are  assumed  equal,  heat  balance  between  the 
two  components  yields 

°p_t-E^TEe  “  T£i)  *  cp-t~l(TI-t~i  ~  Tl-t-e)  (V-6) 

The  mean  temperature  level  of  the  transfer  fluid  is  the  same  far  both 
components  and  the  pressure  level  is  essentially  the  same  so  that  the 
numerical  values  of  Cp_^_g  and  c-  are  extremely  close  to  being 
equal.  Thus,  r 

TEe  "  TEi  "  TI-t-i  “  TI-t-e  (V-7) 
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The  effectiveness  of  the  equipment  component  is  defined  by 

eE  "  ^Ee  ~  ^Ei^/^ES  "  ^Ei)  (V-8) 

and  the  effectiveness  on  the  transfer  fluid  side  of  the  intermediate 
component  by 

eI-t  “  (TI-t-i  “  TI-t-*e)/^TI-t-i  “  TU-I-i)  (^”9) 

The  temperature  rise  of  the  transfer  fluid  in  the  equipment  component 
is,  then 

TEe  -  TEi  *  eE^TEs  “  TEi^ 
and  in  the  intermediate  component 

TI-t-i  "  TI-t-e  *  eI-t(TI~t~i  "  TU-I-i) 

so  that 

[(TEe“TEiVeE]  +  [ ( T I»t=»i**T I-t~e )/ 6 I-t]  *  T& “T Ei+T I-t-i“TU-I~i 

which  by  use  of  equation  ( V—7 )  reduces  to 

(TEe-TE1)  [(l/eE)  +  (l/e^t)  -  l]  -  Tgg  -  T^w.  (V-10) 

and  defines  the  temperature  rise  of  the  transfer  fluid  across  the  equip¬ 
ment  component,  or  the  temperature  drop  of  the  transfer  fluid  across  the 
intermediate  component,  as  a  function  of  the  overall  temperature  differ¬ 
ential  for  the  equipment  distribution  and  intermediate  components.  The 
ratio  of  the  temperature  change  of  the  transfer  fluid  to  the  maximum 
temperature  change  theoretically  possible  is  defined  by  equation  (V-10) 
as 

(TB8-TM.)/(T&-TIj.I.i)  -  l/[(VeE)+(V®I~t)-l]  (V-U) 

Numerical  values  of  this  ratio  are  presented  in  Figure  V-4  for  a  range 
of  effectiveness  of  the  equipment  component  and  the  transfer  fluid  side 
of  the  intermediate  component.  Effectivenesses  of  70 %  for  both  compo¬ 
nents  result,  in  only  a  little  mere  than  one-half  of  the  temperature  po¬ 
tential  actually  being  used  for  heat  dissipation  purposes.  Effective¬ 
nesses  of  90 %  result  in  about  §2%  of  the  temperature  potential  being 
used. 


The  required  circulation  rate  of  the  transfer  fluid  may  be  defined 
by  heat  balance,  which  for  the  equipment  component  is 

3413  kw  -  wDt  c^  (Tje  -  Ta)  (V-12) 
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Figure  V-iu  Fraction  of 
overall  temperature  po¬ 
tential  used  by  transfer 
fluid  for  heat  dissipa¬ 
tion  purposes. 


where  kw  represents  the  cooling  capacity  of  the  system  expressed  in 
kilowatts  and  wj)t  the  transfer  fluid  flow  rate  in  pounds  per  hour.  A 
generalization  of  equation  (7-12)  may  be  obtained  by  combining  it  with 
equation  (7-11) .  This  yields 

WotA*  *  3U13  ^(1/®e)  +(Vei-t)‘”1J//[cp“t(TEs"TU-I-i)]  (V-13) 

or, 

lr  tcp-*>  ■  a*-13  [<VeE)  ♦  (Vejwt)  -i]  (mm 

The  bracketed  term  on  the  right-hand  side  of  this  equation  is  equal  to 
the  reciprocal  of  the  ordinate  In  Figure  7-Ua  so  that  the  required  cir¬ 
culation  rate  far  the  transfer  fluid  may  be  estimated  readily  ly  use  of 
this  relationship. 


■  3h 
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Flew  Resistance  and  Pumping  Power 

Pressure  loss  of  the  transfer  fluid  flowing  in  the  distribution 
component  proper  results  from  flow  resistance  Imposed  by  the  transfer 
line  and  its  fittings.  The  overall  pressure  loss  for  the  entire  distri¬ 
bution  component  circuit  results  from  the  transfer  line,  the  fittings, 
the  transfer  fluid  side  of  the  intermediate  component  and  the  equipment* 
component.  The  pressure  gradient  in  the  transfer  line  proper  may  be 
evaluated  by  application  of  the  standard  Darcy  head-loss  equation. 


^tMo  ■  >Dt  ("DtV2*  *oi  (v-i$) 

Since,  by  continuity 

wDt  •  3600  (AyuJjjt  (V-16) 

and  the  specific  gravity  of  the  transfer  fluid  is 

•%t  •  T  Dt/62'^  (v-17) 

equation  (V-J5)  may  be  rearranged  to  the  form 

iPBt/4LD  *  iBt(''Ilt/W0)2/(12.9  dgl  8%t)  (T-18) 


For  constant-diameter  transfer  lines  and  when  the  transfer  fluid  is  a 
liquid,  equation  (V-18)  may  be  integrated  directly  since  the  pressure 
gradient  will  be  constant  along  the  tube.  The  resulting  equation  where 
pressure  drop  is  expressed  in  pounds  per  square  Inch  is 

■  %lB(''Dt/1000)2/tl8.6  djj  3%)t)  ( V-19 ) 

The  Darcy  friction  factor  f^  is  a  function  of  the  Reynolds  number  of 
flaw  and,  if  the  flow  Is  turbulent,  also  of  the  relative  roughness  of 
the  tube  surface.  The  Reynolds  number  of  flow  is  defined  by 

Re  ■  yu  d/(g/J ) 

which  may  be  rearranged  to  the  more  convenient  form 

Rept  -  0.132(wDt/l000)/(d5i/til)t)  (V-20) 

where  the  viscosity  of  the  transfer  fluid  /ip-t  is  expressed  in  the  units 
of  pound-seconds  per  square  foot.  The  relative  roughness  of  the  tubing 
would  be,  typically,  defined  by  0.6x10“^  divided  by  the  internal  diame¬ 
ter  of  the  tube  expressed  in  inches.  The  Darcy  friction  factor  for  ary 
combination  of  Reynolds  number  and  relative  roughness  is  defined  by  use 
of  the  standard  Moocy  friction  factor  chart.  In  most  distribution  com¬ 
ponents  it  appears  that  the  Reynolds  number  varies  approximately  in  the 
range  from  5000  to  100,000.  Within  this  range  the  friction  factor  is 
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defined  quite  accurately  by 

%  •  O-MAoik2 

(V-21) 

or  by  use  of  equation  (V-20) 

%  -  0.270(d;i/iI)t)0*2/(W:L000)0,2 

(V-22) 

Flow  resistance  of  tube  fittings,  such  as  elbows,  unions  and  tees, 
were  studied  and  have  been  correlated  by  the  following  equations* 


For  a  90°-elbow, 

AP&  .  O.OOSe(.^d^S)(7.2w1Jt/3%t)<1-75^'007i,/dD-«)  (T-23) 

For  a  union, 

.  0.00021(86Dt/d^e:t)(7.2wDt/s6Dt)(1-8+O-:L7dS-«)  (V-Slt) 

For  straight-through  flow  in  a  tee, 

Asjit  •  (v-25) 

For  90°-flcw  in  a  tee, 

.  o.ooWfsgjt/dSi^JtT.awnt/sgnt)'1-83*0-19^  (v-26) 


For  evaluation  of  cooling  systems  in  general  it  is  not  practical  to 
specify  the  type  and  number  of  fittings*  Thus,  the  procedure  in  the 
general  study  has  been  to  increase  the  line  pressure  loss  by  2$%  to  ac¬ 
count  far  the  loss  due  to  fittings. 

The  pumping  power  in  horsepower  required  to  transport  the  fluid 
through  the  distribution  component  is  related  to  the  overall  distribu¬ 
tion  component  pressure  drop  expressed  in  pounds  per  square  inch, 
transfer  fluid  specific  gravity  and  flow  rate  in  pounds  per  hour  by  the 
equation 

l£t  -  (wjjfc/10°0)(  dpgl^)/(838  sgjjt)  (V-27) 

This  relationship  defines  the  output  power  required  of  the  circulation 
pump  in  the  distribution  component,  assuming  an  incompressible  fluid  as 
the  transfer  fluid. 

Power  Supply  System 

The  power  supply  system  includes  all  equipment,  such  as  lines,  con¬ 
trols  and  power  transmission  equipment  in  general,  necessary  to  transmit 
power  from  the  aircraft's  propulsion  plant  or  an  auxiliary  pcwerplant 


to  the  point  of  power  application  in  the  cooling  system.  Shaft  power  for 
cooling  systems  is  needed  for  circulation  of  transfer  fluids  in  the  dis¬ 
tribution  component,  for  driving  blowers,  or  for  driving  the  compressor 
in  vapor  cycle  refrigeration  machines  •  A  general  review  of  power  supply 
systems  for  aircraft  indicates  that,  fcr  those  systems  utilising  shaft 
power  extraction  from  a  main  powerpiant,  the  weight  per  delivered  horse¬ 
power  to  a  driving  device  is  in  the  range  of  from  5  to  10  pounds.  On 
this  basis  of  weight  definition  it  is  not  assumed  that  a  separate  power 
supply  system  would  be  installed  for  the  oooling  system,  but  rather  that 
the  power  would  be  supplied  through  a  power  supply  system,  or  systems, 
for  the  aircraft  in  general.  An  estimation  of  the  weight  of  a  pneumatic 
power  supply  system  is  placed  in  the  range  of  from  1  to  6  pounds  per 
shaft  horsepower  delivered  by  the  air  turbine. 

Far  the  distribution  component,  the  power  supply  system  must  pro¬ 
vide  to  the  transfer  fluid  the  pumping  power  necessary  to  circulate  the 
transfer  fluid  at  the  specified  flow  rate.  Inasmuch  as  the  power- re¬ 
quirements  for  this  purpose  are  normally  relatively  low,  it  is  assumed 
that  the  weight  of  the  power  supply  system  far  circulating  the  transfer 
fluid  is  defined  by 

Wp— ay  -  20  Pfo  for  P£t  >  0.25  (V-28) 

and 

Wp_gy  -  5  for  Fjit  <  0.25  (V-29) 

The  weight  is  assumed  to  be  20  pounds  per  output  horsepower  of  the 
driving  device  for  powers  greater  than  0.25  horsepower,  which  would  cor¬ 
respond  to  the  previously  stated  weight  of  10  pounds  per  horsepower  de¬ 
livered  to  the  driving  device  if  the  overall  efficiency  of  the  driving 
device  is  For  power  requirements  below  0.25  horsepower,  equation 

(V-29),  it  is  assumed  that  a  minimum  representative  weight  far  the  en¬ 
tire  power  supply  system,  which  includes  the  pump  and  drive  motor,  would 
be  about  5  pounds.  The  pumping  power  P^>  for  the  distribution  component 
in  equations  (V— 28)  and  (V-29)  is  defined  by  equation  (V-27).  The  pro¬ 
cedure  established  by  equations  (V— 28)  and  (V-29)  is  recommended  for  use 
only  when  the  power  requirements  are  relatively  small  and  is  not  em¬ 
ployed,  fcr  example,  in  connection  with  vapor  cycle  refrigeration  sys¬ 
tems  . 

The  shaft  power  extraction  from  the  aircraft  powerplants  Pg^  neces¬ 
sary  to  provide  a  pumping  power  Pqj.  is  defined  by 

Kh  ■  rBt/Vy  (T-30) 

where  “Hp-sy  represents  the  overall  efficiency  of  the  power  supply  sys¬ 
tem  from  the  point  of  extraction  from  the  powerpiant  to  the  point  of  de¬ 
livery  to  the  transfer  fluid.  In  the  analysis  of  distribution  compo¬ 
nents  it  is  assumed,  because  of  the  relatively  low  power  requirements, 
that  the  efficiency  of  the  power  supply  system  is  about  33*356*  so  that 
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(V— 31) 


Kh  •  3 

Generalized  Representation  of  Operating  Section 

The  operating  section  of  the  distribution  component  consists  of  the 
transfer  line  ft  cm  the  point  of  initial  fluid  removal  to  the  point  of 
final  fluid  return.  It  is  assumed  that  within  the  operating  section  the 
distribution  component  is  arranged  in  the  form  of  supply  and  return 
headers  and  cross-over  lines,  the  latter  permitting  fluid  removed  from 
the  supply  header  to  pass  through  equipment  items  to  the  return  header. 
A  schematic  arrangement  of  the  operating  section  is  shewn  in  Figure  V-£. 
Each  equipment  item  or  group  of  equipment  items  connected  in  series  is 
served  by  a  cross-over  line  interconnecting  the  supply  and  return  head¬ 
ers.  The  supply  and  return  headers  are  assumed  to  be  of  equal  length  L. 


Figure  V-£>.  Schematic  arrangement  of  the  operating  section 
assumed  for  general  analysis  of  the  flew  and  physical  char¬ 
acteristics  of  the  distribution  component. 


The  distance  to  any  point  along  the  supply  header,  measured  from  the 
point  of  initial  fluid  removal,  is  designated  by  x.  It  is  assumed  that 
the  pressure  differential  between  adjacent  points  of  the  supply  and  re¬ 
turn  headers  is  greater  than  the  flew  resistance  of  the  equipment  items 
placed  between  these  points,  so  that  the  overall  pressure  drop  of  the 
operating  section  equals  the  pressure  drop  in  the  supply  and  return 
headers  plus  the  pressure  drop  of  the  last  group  of  equipment  items  and 
cross-over  line. 

The  actual  fluid  removal  rate  at  various  points  along  the  supply 
header  is  a  function  of  the  required  cooling  capacity,  the  effectiveness 
of  heat  exchange  and  the  desired  temperature  level  of  the  equipment  com¬ 
ponent,  and  the  initial  temperature  of  the  transfer  fluid.  In  an  effort 
to  simulate  the  actual  rate  of  fluid  removal  and  return  to  the  headers 
by  a  working  model  amenable  to  rational  analysis,  it  is  assuned  for  pur¬ 
poses  of  analysis  that  the  fluid  is  continuously  removed  and  returned  at 
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all  points  of  the  supply  and  return  headers.  There  exists,  then,  at  all 
points  along  the.  headers  a  gradient  of  fluid  removal  and  return  with  re¬ 
spect  to  the  flow  distance.  The  gradient  of  fluid  removal  and  return  at 
a ny  point  along  the  headers  is  defined  by  the  gradient,  with  respect  to 
distance,  of  the  local  cooling  capacity  divided  by  the  product  of  the 
local  effectiveness  of  heat  exchange ,  specific  heat  and  the  local  dif¬ 
ference  in  temperature  of  the  equipment  heat  transfer  surfaces  and  the 
transfer  fluid.  In  equation  form  the  fluid  removal  and  fluid  return 
gradient  is  defined  by 


The  gradient  may  be  assigned  various  functional  relationships  with  re¬ 
spect  to  flow  distance  to  permit  simulation  of  any  type  of  continuous 
liquid  removal  rate  that  would  be  required  by  arbitrarily  arranged  cool¬ 
ing  loads  along  the  transfer  line. 


In  order  to  develop  the  assumed  generalization  of  fluid  removal 
rate  into  a  working  equation  which  may  be  employed  for  general  analysis 
of  the  operating  section,  the  case  of  constant  gradient  of  fluid  removal 
is  first  considered.  Suppose  the  groups  of  equipment  items  served  by 
the  operating  section  are  all  thermally  equivalent  so  that  each  group 
requires  the  same  flow  rate  of  transfer  fluid  to  accomplish  the  desired 
cooling.  Therefore,  the  rate  of  fluid  removal  and  return  will  be  the 
same  at  all  points  along  the  headers  and  the  gradient  of  fluid  removal 
with  respect  to  flow  distance  will  be  constant.  The  total  flow  rate 
whLch  has  been  removed  from  the  supply  header  at  any  distance  x  relative 
to  the  total  flow  rate  removal  for  the  entire  supply  header  is,  then 

("D-t-c  “  wD-t-*)A*D-t-o  "  ^D-t-l)  ■  (V-33) 


where  Wj3_+J_0  represents  the  transfer  fluid  flow  rate  at  entrance  to  the 
operating  section  and  V&.4-I  the  transfer  fluid  flow  rate  at  the  end  of 
the  supply  header.  fiy  rearrangement  of  equation  (V-33)>  the  ratio  of  the 
flow  rate  remaining  in  the  header  at  ary  distanoe  x  relative  to  the  ini¬ 
tial  flow  rate  for  the  case  of  constant  gradient  of  fluid  removal  is  de¬ 
fined  by 

(V*o)i)-t  =  1  “  [}  “  (vlAo>D-.t]  ^L>* 

Since,  in  general,  the  characteristics  of  the  equipment  items  may 
not  dictate  the  use  of  a  constant  gradient  of  fluid  removal  and  return, 
the  equation  may  be  modified  to  the  mare  general  form  of 

frxA'oJp.t  s  1  -  [1  -  (wi/w0)Di-tJ  (x/L)n  (V-3U) 

where  the  exponent  n  may  be  assigned  various  values  to  characterise  vari¬ 
ous  types  of  fluid  removal  along  the  header.  The  flow  rate  ratio 
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Figure  V--6.  Generalized  representation  of  fluid  extraction 
and  return  in  the  supply  and  return  headers  of  the  operating 
section  in  a  distribution  component.  Equation  (V-3l*). 

(wl/wo  )pt  i3  referred  to  as  the  terminal  flow  rate  ratio  of  the  opera¬ 
ting  section.  Various  types  of  fluid  removal  gradients  are  shown  in 
Figure  V-6,  which  represents  a  generalized  plot  of  equation  (V-3U).  The 
ordinate  of  the  plot  defines  the  fraction  of  the  total  fluid  removed  at 
any  distance  along  the  header.  The  difference  of  the  ordinate  value 
from  unity  defines  the  fraction  of  the  total  fluid  removed  which  remains 
in  the  header  at  any  distance.  For  example,  with  an  exponent  n  of  2  and 
at  a  point  midway  along  the  supply  header,  i.e.,  x/L  is  0.5,  2f$  of  the 
total  fluid  removal  has  occurred.  Between  the  middle  and  end  of  the 
supply  header  the  remaining  7%  of  the  total  fluid  extraction  will  occur. 
Thus,  in  general  it  would  be  possible  to  select  an  appropriate  value  of 
the  exponent  n  to  characterize  the  actual  fluid  removal  gradients  exist¬ 
ing  with  any  given  set  of  equipment  items  and  locations. 
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Figure  V-7 .  An  assumed  group  of  equipment  items  served  by  the 
operating  section  of  a  distribution  component,  illustrating 
the  selection  of  the  characteristic  exponent  n.  See  equa¬ 
tion  (V-3li) . 

The  use  of  this  generalized  procedure  may  be  illustrated  by  as¬ 
suming  a  group  of  equipment  items  as  shown  in  Figure  V-7 „  The  required 
cooling  capacity/  required  temperature  level,  and  effectiveness  of  heat 
exchange  are  specified  for  each  equipment  item.  It  is  assumed  that  the 
equipment  items  are  equally  spaced  along  the  headers  and  that  the  ini¬ 
tial  transfer  fluid  temperature  is  60°Fo  By  application  of  energy  bal¬ 
ance  to  the  transfer  fluid  passing  through  an  equipment  component,  the 
flow  rate  required  by  an  equipment  item  is  defined,  by 

wD-t-E  “  const.  qy/[eE(TE_s  -  TD_t-i)] 

or,  the  total  fluid  removal  up  to  any  distance  x  along  the  header  is  de¬ 
fined  by 

wD-t-o  "  «D-t-x  ■  const*  2Tq»/[eE(TE~s  “  TD-t-i)] 

Where  the  summation  process  is  carried  out  for  all  equipment  items 
served  by  the  header  up  to  the  point  along  the  header  under  considera¬ 
tion.  From  the  data  shown  in  Figure  V-7  ,  the  total  flow  rate  removal 
along  the  header  may  be  calculated. •  The  resulting  distribution  of  flow 
rate  removal  is  presented  in  Figure  V-8  on  a  generalized  basis  as  de¬ 
fined  by  equation  (V—3U)  -  The  terminal  flow  rate  (w]/w0)j)^  is  assumed 
to  be  zero.  The  solid  line  in  Figure  V-8  corresponds  to  an  exponent  n 
of  unity,  and  is  seen  to  be  representative  of  the  fluid  extraction  gra¬ 
dients.  Thus,  it  might  be  assumed  for  these  data  that  the  operating 
section  can  be  described  or  represented  by  continuous  linear  fluid  re¬ 
moval  and  return  from  the  supply  header  to  the  return  header. 
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Figure  V~8o  Generalized 
representation  of  fluid 
extraction  and  return  far 
selection  of  the  charac¬ 
teristic  exponent  n. 


Generalized  Analysis  of  Flow  Resistance 
and  height  at  Operating  Section 

Since  the  fluid  extraction  and  return  in  the  headers  is  assumed 
continuous,  the  flow  within  the  header  is  related  to  the  flow  Telocity 
and  flow  area  ty  the  continuity  equation  for  incompressible  flow. 

wD-t-oc  *  T  D-t  uD-t-x  %)-t-x  (V— 35) 

or,  ty  use  of  equation  (V— 3U) 

^  “  By*1  *  ( ^>-tHx/bD-t-o)  (^D-t-x/^-t^o)  (V— 36) 


where 


B  •  1  -  (V^o^D-t 


(V-37) 


and 

7  ■  x/L'  (V-38) 

The  parameter  B  defines  the  fractional  removal  of  the  total  flow,  equal 
to  the  difference  of  unity  and  thB  terminal  flow  rate  ratio,  and  the 
parameter  y  defines  the  relative  distance  along  the  supply  header. 

Assume,  far  purposes  of  convenience  in  analysis,  that  the  velocity 
distribution  is  defined  by 

(^D-t-x/^D-t-o)  *  (1  "  I*yn)'kHa  (V-39) 


la 
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where  m  is  a  parameter  of  analysis  having  a  numerical  value  dependent 
upon  the  type  of  header  design.  Thus,  by  combining  equations  (7-36) 
and  (V-39),  a  generalized  flow  area  equation  is  obtained,  which  is 

<V*o)D-t  '  (TT— 1+0) 

The  total  pressure  gradient  due  to  flow  resistance  at  ary  point 
along  the  header  is  defined  by  the  Darcy  head-loss  equation 

(dP°/dx)D<-t  .  -  (  rfl4/26doc-i)p-t  (V-UD 

which  may  be  rearranged  to  the  form 

(dP0/<&)D-t  *  "  (u|fo/2gdo^l)D„t(Vuo)^t  \r0  '  '  <V-k2) 

By  use  of  equations  (V>*39)  and  (V~1;0),  equation  (V-U2)  reduces  to 
(dp0/dx)j^t  -  -  (  y^o/2«do-i)D„t(Vfo)D.t(1'*  Vp)2"2'** 


<*-*>**  -  [s§L  T 


r  a  -  a?”) 


2—2 .$m 


d*  (V«l*3) 


Letting 


«o  ■  Tuofo/26 


(V-UU) 


and  introducing  equation  (V-38),  the  generalized  flow  resistance  equa¬ 
tion  for  the  supply  header  becomes 

<p§  -  p£>B_t  •  HVf o)D.td  -  (v-W) 

0/ 


Experience  in  evaluating  the  flow  characteristics  of  distribution 
components  has  shown  that  the  optimum  flow  rates  in  the  transfer  lines 
are  within  the  turbulent  region  far  every  case  considered.  Thus,  the 
variation  of  the  friction  factor,  Jxi  along  the  header  is  never  great. 
The  internal  surfaces  of  the  transfer  lines  may  be  assumed  to  be  hy¬ 
draulically  smooth,  so  that  the  variation  of  the  friction  factor  may  be 
expressed  by  the  relationship 


(fx/fo)u.t  ■  ^R®o/R«x)D*^ 


(V-l*6) 


Introducing  into  this  expression  the  generalized  equations  for  header 
flow  area  and  flow  rate,  equations  (V-3U)  and  (V-l*0),  yields 
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<fjAo>D-t  *  (1  -  ay”)-0-2*0'3”  (T-U7) 

and  the  generalised  flow  resistance  equation  (V-U5)  for  smooth  tubes 
may  be  rearranged  to  the  farm 

(p§  -  Pl>D_t  ’  f(l  -  dy  (V-U8) 

The  generalized  flow  resistance  equation  for  the  case  of  constant 
friction  factor  reduces  from  equation  (V-1*J>)  to 

'(Po  -Pl)D_t  "  f  (1  -  W"2^®  dy  (V-U9) 

'o 

Thus,  the  flew  characteristics  are  generalized  in  terms  of  the  ex¬ 
ponents  n  and  m.  Various  values  of  the  exponent  n  characterize  various 
fluid  removal  gradients  from  the  header  while  values  of  the  exponent  m 
characterize  the  type  of  header  design.  Table  V-l  summarizes  the  types 
of  header  design  dependent  upon  the  selection  of  the  value  of  the  ex¬ 
ponent  m. 

Table  V-l.  Relation  of  Type  of  Header  Design  to  Exponent  m. 


Type  of  header  design 

Exponent  m 

Constant  diameter 

0 

Constant  flow  velocity 

1.0 

Constant  pressure  gradient 

0.75  (smooth  tubes),  0.80 
(constant  friction  factor) 

Increasing  diameter,  dCdL^J/dx  ■  (+) 

<0 

Increasing  flow  velocity,  du^/dL^  ■  (+) 

>1 

It  is  assumed,  rather  arbitrarily,  that  because  of  the  flow  dis¬ 
turbances  due  to  fluid  removal  or  return  and  because  of  the  increasl 
relative  roughness  of  the  tube  surface  along  the  header  when  the  diame¬ 
ter  is  reduced,  a  constant  friction  factor,  rather  than  the  variation 
defined  for  smooth  tubes,  is  more  realistic  and  should  be  used  to  define 
flow  resistance  of  the  headers.  Hence,  equation  (V-h9)  is  used  for  anal¬ 
ysis  in  preference  to  equation  (V-h8).  Integration  of  equation  ( V— U9 ) 
for  various  values  of  the  exponents  n  and  m  is  obtained  by  either  series 
formation  or  by  the  following  transformation.  Let 


I* 
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The  transformation  by  equation  (V-50)  permits  closed  analytic  solutions 
in  many  instances  ,  while  far  others  the  method  of  series  formation  is 
employed. 

Solutions  to  equation  (V-19)  far  various  values  of  n  and  m  are  pre¬ 
sented  in  Table  V-2.  The  pressure  drop  of  the  fluid  through  a  header  is 
generalized  as  a  function  of  the  initial  flow  conditions,  the  header 
length,  and  the  terminal  flow  rate  ratio  (wi/wqJt^^o  The  functions  of 
(wl/wo'D-t  shcwn  in  Table  V-2  for  the  various  values  of  n  and  m  are 
equal  to  the  generalized  pressure  drop  parameter. 

(P§  *“  ^"i“°^ao  ^o— 1 

where  a0  is  defined  by  equation  (V-ll).  The  pressure  drop  for  both  the 
supply  and  return  headers  will  be  twice  that  defined  by  equation  (V-19) 
since  the  drop  in  the  supply  header  is  equal  to  the  drop  in  the  return 
header,  on  the  basis  of  the  assumption  that  the  fluid  output  gradient 
in  the  supply  header  equals  the  fluid  input  gradient  to  the  return 
header  at  adjacent  points  along  the  header »  Therefore,  the  overall 
pressure  drop  for  the  operating  section  of  the  distribution  component 
is  equal  to  twice  the  pressure  drop  of  the  supply  header  plus  the  pres¬ 
sure  drop  across  the  last  group  of  equipment  items  served  by  the  headers 

The  volume  of  fluid  within  a  header,  which  must  be  evaluated  to  de¬ 
termine  the  weight  of  the  operating  section,  is  defined  by  evaluation 
of 


where  by  substitution  of  equations  (V-38)  and  (V«4tO),  the  generalized 
farm  becomes 
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Table  V-2.  Generalized  Header  Pressure  Drop  Relationships. 
(w1/w0)I)_t  represented  by  vijv0.  B  ■  1  -  (vj/Wo)^. 
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Vi  •  f  (1-B jr“)B$r.  (T-52) 

J  O 

Solutions  to  equation  (V-52)  are  obtained  for  various  values  of  n  and  m 
by  use  of  the  transformation  equation  (V-50)  or  by  infinite  series.  So¬ 
lutions  for  representative  values  of  n  and  m  are  presented  in  Table  7-3. 
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Table  V-3-  Generalized  Fluid  Volume  Relationships  for  Header. 
NlAo)^  represented  by  wx/w0.  B  »  1  -  (vi/wq)^. 
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The  data  shown  in  Figure  V-l  indicate  that  far  the  internal  diame 
ter  range  of  about  l/Q  to  1  inch  it  is  reasonable  to  assume  that  the 
tube  wall  thickness  is  constant  and  equal  to  0.038  inch.  Thus,  the  ex 
ternal  diameter  of  the  tubing  is  defined  by 

<4-.  -  <*5-1 +  °-°7s 

and  the  cross-sectional  area  of  metal  by 

*D-metal  *  °-5  «  (0.038)«5_  *  dj^) 
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Table  7-4*.  Generalized  Header  Metal  Volume  Relationships. 
(*l/vo)])_t  represented  by  B  .1  -  (wj/vo)^. 
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The  volume  of  metal  in  the  header  is  defined  by 

rLo»i 


^D-oetal 


so  that 


^D-oetal  "  ^o-l  I  fo-metal  ^ 

'o 


/ 


(7) 

O 


WADC  TR  5U-#9 


1*8 


0.019  n  (2djj-±  +  0*076)dy. 


vD-metal 


By  introducing  the  square  root  of  equation  (V-1*0)  in  the  above  equation 
to  define  the  internal  diameter  variation  of  the  header,  the  generalized 
equation  for  header  metal  volume  is 


vP-etal<  31,800) 
Lo-l 


1  +  26.1*  dJ„i-0  /  (1  -  By»)W2  dy  (V-53) 


Equations  defining  the  term 


(1  -  Tif1)™/2 


dy 


are  presented  in  Table  V-i*  far  various  values  of  n  and  m  as  a  function 
of  the  terminal  flow  rate  ratio  (w2/v0)jj_^.. 


The  header  weight,  equal  to  the  weight  of  tubing  and  transfer  fluid, 
is  defined  by  combining  equations  (V-£2)  and  (V-E>3)  with  the  specific 
gravities  of  the  fluid  and  metal. 


)*r 

-i-o'  / 


(^metal  +  ^t^x/^o-1  "  0»3U(3g)^(djj, 


(sg)metal  [0.OOI96  +  O.Q&Cdg.^ 


(1  -  By11)111  dy  + 


)  /  (l-E^^dyl  (V-ft) 
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Distribution  Canponent  Pressure  Drop  and 
imping  Power  for  the  Transfer  Fluid 


Far  a  distribution  canponent  of  the  type  illustrated  in  Figure  V-5 
the  flow  resistance  is  defined  by  the  resistances  of  the  starting  sec¬ 
tion,  the  operating  section,  the  last  crossover  line  and  equipment  group 
in  the  operating  section,  and  the  transfer  fluid  side  of  the  intermediate 
component.  A  generalized  representation  of  the  distribution  component 
pressure  drop  is 


(V-#) 
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where  the  first  tern  1a  the  equation  defines  the  pressure  drop  due  to  this 
operating  section,  the  second  term  that  due  to  the  last  crossover  line  in 
the  operating  section,  the  third  that  due  to  the  starting  section  of  the 
distribution  component  and  the  last  term  that  due  to  the  transfer  fluid 
side  of  the  Intermediate  component.  The  parameter  con~ 

vert  the  flow  resistance  of  the  last  crossover  line  and  equipment  group 
Into  an  equivalent  straight  run  of  tubing.  The  parameter  %  is  Intro¬ 
duced  to  allow  for  resistance  of  fittings  in  the  starting  section.  Flow 
resistance  of  fittings  within  the  operating  section  is  not  included  since 
it  is  assumed  that  the  pressure  differential  existing  at  adjacent  points 
along  the  operating  section  is  more  than  sufficient  to  overcome  ary  re¬ 
sistances  of  this  type*  The  parameter  pj  is  introduced  to  convert  the 
resistance  of  the  transfer  fluid  side  of  the  intermediate  component  into 
an  equivalent  straight  run  of  tubing. 

The  pumping  power  required  to  circulate  the  transfer  fluid  through 
the  distribution  component  is  defined  by  equation  (V— 27)  • 

Comparison  of  Flow  Resistance  and  Weight  of  the  Oper¬ 
ating  Section  f  ar  Various  Types  of  header  Design 

The  pressure  drop  of  the  operating  section  of  the  distribution  com¬ 
ponent  for  various  types  of  header  design  is  presented  in  Figure  V-9 . 

The  flow  resistance  is  compared  to  that  for  constant-pressure-gradient 
headers.  The  constant-diameter  header,  described  by  an  exponent  m  equal 
to  zero,  has  the  least  flow  resistance.  Constant-velocity  header  design, 
described  by  m  equal  to  unity,  results  In  the  greatest  flow  resistance 
because  of  the  rapidly  decreasing  diameter  of  the  header  as  the  terminal 
flow  rate  ratio  (vi/v0)j)x  is  decreased.  The  header  diameter  reduction 
for  constant  pressure  gradient  is  less  than  far  constant  velocity,  so 
that  the  flow  resistance  is  lower,  but  the  reduction  in  the  header  diame¬ 
ter  creates  a  flow  resistance  significantly  above  that  far  constant  di¬ 
ameter. 

The  fluid  removal  gradient  is  characterized  by  the  exponent  n,  with 
relative  flow  resistances  presented  in  Figure  7-9  for  values  of  n  of  O.S>, 
1.0  and  2.0.  With  reference  to  Figure  7-6,  low  values  of  n  define  appre¬ 
ciable  fluid  removal  rates  along  the  beginning  portion  of  the  operating 
section,  while  high  values  of  the  exponent  n  characterize  cases  of  rela¬ 
tively  little  fluid  removal  near  the  beginning  of  the  operating  section 
and  appreciable  rates  of  fluid  removal  toward  the  end  of  the  section. 

The  effect  of  the  type  of  fluid  removal  gradient  on  the  flow  resistance, 
illustrated  in  Figure  7-9,  depends  greatly  upon  the  type  of  header  de¬ 
sign.  With  constant-pressure-gradient  header  design,  the  flow  resistance 
is  independent  of  the  type  of  fluid  removal  gradient.  Constant-diameter 
header  design  is  affected  to  the  greatest  extent  by  the  type  of  fluid  re¬ 
moval  gradient.  An  increase  in  the  value  of  the  exponent  n  tends  to  de¬ 
crease  the  flow  resistance  with  constant-velocity  design,  since  late  re¬ 
moval  of  appreciable  portions  of  the  fluid  results  in  a  larger  average 
diameter  of  the  header.  When  a  large  percentage  of  the  total  fluid  re¬ 
moval  occurs  early  along  the  header,  such  as  with  n  of  0.$0,  or  less,  the 
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j  Figure  V-9.  Comparison  of  pressure  <Jrop  or  flow  resistance  for  the 

|  operating  section  of  a  distribution  component.  Pressure  drop  far  can- 

I  stant-diameter  (m«0)  and  constant-velocity  (m»l)  header  design  re¬ 

ferred  to  that  for  constant-pressure-gradient  (m-0.8)  header  design. 

I1  header  diameter  becomes  quite  small  near  the  end  of  the  fluid  removal 

section.  With  constant-diameter  header  design,  however,  the  effect  of  a 
decrease  in  the  value  of  the  exponent  n  is  a  reduction  of  the  flow  re¬ 
sistance,  because,  with  constancy  of  flew  area  for  this  type  of  design, 
the  average  velocity  of  flow  along  the  header  is  greatly  reduced  with  ap¬ 
preciable  fluid  removal  early  along  the  header.  With  constant-diameter 
headers,  and  a  terminal  flow  rate  ratio  of  0.10,  the  data  of  Figure  V-9 
illustrate  that  should  rearrangement  of  the  equipment  items  served  by  the 
“  operating  section  be  possible  so  that  n  is  decreased  from  2 .0  to  0.5#  the 

flow  resistance  is  reduced  by  a  ratio  of  nearly  3  to  1.  Oppositely,  with 
constant-velocity  header  design,  a  decrease  of  the  exponent  n  from  2.0  to 
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0.5  at  a  terminal  flow  rate  ratio  of  0,1  results  in  about  35#  increase 
in  flow  resistance  o 

The  importance  of  different  -types  of  header  design  and  fluid  re¬ 
moval  gradients  is  not  nearly  so  great  with  high  values  of  the  terminal 
flow  rate  ratio,,  The  magnitude  of  the  terminal  flow  rate  ratio  employed 
in  a  distribution  component  depends  upon  the  arrangement  of  the  equip¬ 
ment  items  and  the  compromise  in  design  of  a  system  between  the  penalty 
of  power  supply  for  overcoming  flow  resistance  and  the  penalty  due  to 
weight  of  the  distribution  component.  If  more  than  one  group  of  equip¬ 
ment  items  is  being  served  by  a  distribution  component^  then  the  termi¬ 
nal  flow  rate  ratio  for  the  first  operating  section  may  be  quite  high  so 
as  to  provide  considerable  subsequent  fluid  removal  for  other  groups  Of 
equipment  items.  The  compromise  in  aircraft  penalty  between  pumping 
power  and  weight  must  be  studied  from  the  viewpoint  of  minimizing  the 
gross  weight  penalty  imposed  on  the  aircraft. 

The  effect  of  different  types  of  header  design  and  fluid  removal 
gradients  on  the  weight  of  the  operating  section  is  presented  in  Fig¬ 
ures  V-10  and  V-ll«  In  Figure  V-10*  the  weight  of  the  transfer  fluid 
aid.  metal  in  the  operating  section  for  constant-pressure-gradient  design 
is  presented  as  the  fraction  of  that  far  constant-diameter  header  design 
Figure  7-11  presents  a  similar  comparison  for  constant-velocity-header 
design.  The  type  of  fluid  removal  gradient s  characterized  by  the  value 
of  the  exponent  nfi  has  no  effect  on  the  weight  of  fluid  and  metal  for  . 
constant-diameter-header  design.  An  increase  in  the  value  of  the  ex¬ 
ponent  n  always  results  in  greater  weight  of  the  header  whenever  the  ex¬ 
ponent  m  is  greater  than  zero.  Thus.,  for  both  constant-pressure-gradi¬ 
ent  and  constant-velocity  design  the  weight  of  the  header  is  reduced  for 
low  values  of  the  exponent  n,,  i,e,s  early  fluid  removal  along  the  header 
Constant-pressure-gradient  header  design  always  results  in  greater 
weight  of  fluid  and  metal  than  constant-velocity  header  design.  The 
difference  is  not  particularly  significants  except  for  relatively  low 
values  of  the  terminal  flow  rate  ratio.  For  an  initial  header  diameter 
of  0,75  inch  and  a  terminal  flow  rate  ratio  of  0,10.  the  operating  sec¬ 
tion  of  a  constant-prassure-gradisut  header  is  about  9%  greater  in 
weight  than  for  a  c ons tant-veloc ity-header  for  linear  fluid  removals 
i.e, j  an  exponent  n  equal  to  unity.  The  greater  the  initial  diameter 
of  the  headers  i,e.s  the  larger  the  diameter  of  the  starting  section  of 
the  distribution  components  the  greater  is  the  possible  weight  saving 
with  constant-velocity  or  c ons tant-pr 93 sure- gradient  header  design.  This 
effect  is  due  to  the  fact  that  with  small  tubes  the  weight  of  the  metal 
becomes  a  greater  portion  of  the  total  weight. 

Comparison  of  Aircraft  Weight  Penalty 
for  Various  Types  of  Header  Design 

Comparison  of  the  weight  data  of  Figures  V-10  and  V-ll  with  the 
flew  resistance  data  of  Figure  V~9  shows  that  for  all  conditions  of  de¬ 
sign  the  various  types  of  header  design  and  fluid  removal  gradients  pro¬ 
duce  opposite  effects  on  weight  and  flow  resistance  of  the  operating 
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section  of  a  distribution  component.  Thus,  from  the  previous  data  and 
analysis,  it  is  not  possible  to  define  which  type  of  header  design  pro¬ 
duces  the  minimum  gross  weight  penalty  of  a  cooling  system.  Although, 
in  general,  a  complete  analysis  and  evaluation  of  a  cooling  system  would 
be  required  to  define  the  optimum  type  of  header  design,  considerable 


m  »  0.8 


Terminal  flow  rate  ratio,  (w]/w0)D__^ 

Figure  V-10.  Camparis  on  of  the  weight  of  fluid  and  metal  in  the  oper 
ating  section  of  a.  distribution  component  for  constant-pressure-gradi 
ent  header  design  (m  » 0.80)  with  constant-diameter  header  design  (m  » 
0).  Specific  gravity  of  fluid,  0.88.  Specific  gravity  of  metal,  2.7 
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Insight  as  to  the  relative  penalties  involved  for  the  different  designs 
oan  be  obtained  by  evaluation  of  the  aircrafts  gross  weight  penalty 
due  to  the  operating  section  alone.  Since  the  supply  and  return  headers 
of  the  operating  section  have  the  sane  characteristics,  it  is  necessary 
to  oonsider  only  one  header.  The  basic  independent  variable  of  analysis 


Figure  7-11.  Comparison  of  the  weight  of  fluid  and  metal  in  the  oper¬ 
ating  seotion  of  a  distribution  component  for  constant-velooity  header 
design  (m  ■  1)  with  constant-diameter-header  design  (m  ■  0).  Specific 
gravity  of  fluid,  0.88.  Specific  gravity  of  metal,  2,7. 


ft 
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is  the  type  of  header  design,  characterized  by  the  exponent  m. 


With  reference  to  equation  (IH-llia),  the  increase  in  gross  weight 
of  an  aircraft  having  constant  range  and  payload  due  to  system  weight 
and  drag  is  defined  by 


_ 

(l  —  AWg  »  Wgy  +  (l  —  In  ■"  ( Lf/Dr )  ( Dr gy  ) . 


The  system  for  this  analysis  is  the  operating  section  of  the  distribu¬ 
tion  component  and  the  power  supply  system  associated  with  providing 
the  required  pumping  power  for  the  operating  section.  Thus , 

Wgy  ■  (Wjaetei  +  Wt)p_0p  +  wp~sy  (V-56) 

The  drag  of  the  system,  Drgy,  would  be  the  potential  loss  in  propulsive 
thrust  equivalent  to  the  required  increase  in  fuel  flow  rate  to  the 
pcwerplant  for  constant  propulsive  thrust,  when  shaft  power  is  extracted 
for  the  power  supply  system.  Thus, 

“V  "  iwfuea/SFW 

Dray  -  ( AvfU0]/fahKFah/SFt!rrf) 

which  by  use  of  equation  (V-30)  becomes 

I^ay  •  (  ^wfuel/psh^^Dt-op  ^p-sy  SFCref)  (V-57 ) 

The  parameter  Awfuei/Psh*  the  increase  in  fuel  flow  per  hour  for  each 
shaft  horsepower  extracted  from  the  powerplant,  is  defined  by  equation 
(111-25).  Suppose  the  parameter  jo  is  defined  as 

9  ■  tAUf^i/P^Klf/Drjra-Sref)  10  T^j/^FCW)  (T-S8) 

Then,  by  introducing  equations  (V~5>6),  (V-57)  and  (V-58)  into  equation 
( Ill-Ilia)  one  obtains 

(l-Xref)AWg  -  (Wmetal  +wt)p-op  +  wp-sy  +  f^t-opAp-sy  (V-59) 

Assuming  the  weight  of  the  power  supply  system  is  defined  by  equation 
(V-28)  and  the  overall  efficiency  of  the  power  supply  system  is  33»3^* 
a  working  form  of  equation  (7-59)  is 

(l-W)  ■  (Wm«tal+Wt)D.op  +  (20  +  3  ?)^)t-op  (T-60) 

where  AWg  represents  the  gross  weight  increase  of  the  aircraft  due  to 
the  operating  section  of  the  distribution  component.  The  parameter  (/> 
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could  vary  frcm  roughly  0„U  to  5,  but  typically  would  have  a  value  of 
about  1  to  3» 

By  use  of  the,  generalized,  pressure  drop  equation  (V-l$)  and  equa¬ 
tion  (V-27)  defining  the  relation  between  flow  rate  of  fluid,  pressure 
drop,  and  pumping  power,  the  following  generalized  expression  for  the 
pumping  power  required  to  transport  the  fluid  through  the  supply  header 
is  obtained. 


r 

;  J&Ao-l  •  0.1l95d;„1-d  a*  /  (l-Byn)2”2o5m  dy 

(V-61) 

where 

0 

the  parameter  a'  is  defined  by 

a«  -  f0(«D-t-o/10)^seDt) 

(V-62) 

Also,  since  the  integral  term  of  equation  (V-61)  has  a  value  of  unity 
for  a  constant-pressure- gradient  header,  the  generalized  pumping  power 
equation  may  be  re-expressed  as 

^t/(PD)dp/dx  m  J  (1  “  ^n)2“2#5m  dy 

(V-63) 

and 

0 

('Wdp/dx  ■  °-U55  dB-i“0 

(Vh6U) 

The  weight  of  the  fluid  and  metal  in  the  header  is  defined  by  the 
general  equation  (V-51;).  For  a  constant-diameter  the  integral  terms  of 
this  equation  have  values  of  unity,  so  that  the  generalized  weight  equa¬ 
tion  becomes 


(wmetal  + 


0»3U(sgDtKd§-i~o)2  +  0 .  C£2(  sgmetalK  d^-i-o)  + 


+  0.00196(3^^) 


(Wmetal  * 
^wmetal  +  ^t^d 


(V-6*) 


1 

1  where  the  right-hand  term  of  the  equation  represents  the  ratio  of  weight 

|  of  fluid  and  metal  for  any  type  of  header  design  to  that  for  constant- 

diameter  design.  Numerical  values  of  this  ratio  for  various  conditions 
of  design  are  presented  in  Figures  V-10  and  V-ll. 

!  The  combination  of  equations  (V-60),  (V-63)  and  (V-65)  yields  an 

expression  which  may  be  used  to  define  the  gross  weight  increase  for  the 
various  types  of  header  design.  As  previously  mentioned,  it  is  not  pos¬ 
sible  to  analyze  generally  the  effect  of  various  types  of  header  design 
without  giving  consideration  to  the  entire  cooling  system.  This  is  il¬ 
lustrated  specifically  by  the  parameter  a1,  which  is  a  function  of  the 
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Darcy  friction  factor  and  the  transfer  fluid  flow  velocity.  In  particu¬ 
lar,  the  optimum  value  of  the  flow  velocity  cannot  be  determined  except 
by  an  overall  evaluation  of  the  entire  cooling  system.  In  order  to  cir¬ 
cumvent  this  basic  difficulty,  a  study  of  the  flow  velocity  in  the  dis¬ 
tribution  component  of  previously  optimized  cooling  system  designs  em¬ 
ploying  constant-diameter  headers  has  been  conducted.  The  results  have 
shown  that  for  a  rather  vide  range  of  operational  conditions  of  cooling 
systems  the  flow  velocity  in  the  distribution  component  varies  from 
about  8  to  1$  feet  per  second.  When  this  range  of  flow  velocity  is  ccm- 


Figure  V-12.  Comparison  of  gross  weight  penalty  of  constant-pressure- 
gradient  header  design  to  constant-diameter  header  design  for  various 
operational  conditions  of  the  operating  section  and  an  initial  internal 
diameter  of  the  transfer  line  of  0.75  inch.  Specific  gravity  of  fluid, 
0.88*  Specific  gravity  of  metal,  2.7.  ^  •  3»0. 
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Figure  V-13.  Comparison  of  gross  weight  penalty  of  constant-pressure- 
gradient-header  design  to  constant-diameter  header  design  for  various 
operational  conditions  of  the  operating  section  and  an  initial  diameter 
of  the  transfer  line  of  0,2$  inch.  Specific  gravity  of  fluid,  0.88. 
Specific  gravity  of  metal,  2.7.  ^  ■  3*0. 
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Figure  V-li*»  Comparison  of  gross  weight  penalty  of  constant-velocity 
header  design  to  constant-diameter  header  design  for  various  opera¬ 
tional  conditions  of  the  operating  section  and  an  initial  diameter  of 
the  transfer  line  of  0.75  inch.  Specific  gravity  of  fluid,  0.88. 
Specific  gravity  of  metal,  2.7.  f  »  3.0. 
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bined  with  a  typical  range  of  values  for  the  Darcy  friction  factor,  it 
is  found  that  a  representative  range  of  values  for  the  parameter  a* 
would  be  from  about  0.01  to  0.12.  Thus,  the  general  effects  of  various 
types  of  header  design  are  studied  by  including  a*  as  an  independent 
variable  of  analysis  having  values  within  this  range. 

▲  comparison  of  the  gross  weight  penalty  for  constant-pressure- 
gradient  headers  to  the  penalty  for  constant-diameter  headers  is  pre¬ 
sented  in  Figure  V-12  for  an  initial  line  diameter  of  0.75  inch  and  in 
Figure  V-13  for  an  initial  line  diameter  of  0.25  inch.  The  data  are 
presented  for  a  value  of  the  parameter  f  of  3*0  and  values  of  the 
parameter  <x!  of  0.02,  0.C6  and  0.10.  Also  included  in  the  plots  are 
data  far  three  values  of  the  exponent  n,  of  0.5,  1.0  and  2.0,  to  charac¬ 
terize  various  types  of  fluid  removal  gradients  of  the  header.  A  high 
value  of  a?  denotes  relatively  high  flow  velocity  and/or  friction  fac¬ 
tor.  The  results  shew  that  when  the  frictional  effects  are  low,  the 
use  of  a  constant-pressure-gradient  header  results  in  a  gross  weight 
saving  compared  to  a  constant-diameter  header.  However,  for  the  initial 
diameter  range  of  0.25  to  0.75  inch  (the  most  commonly  encountered,  di¬ 
ameters  of  liquid  distribution  components  are  usually  less  than  0.75 
inch)  the  use  of  a  constant-pressur e-gradient  header  rather  than  a  con¬ 
stant-diameter  header  shows  no  significant  savings  in  weight  far  values 
of  a*  above  about  O.Oh.  ..  For  an  initial  line  diameter  of  0.25  inch  (see 
Figure  V-13)  the.  constant-diameter  header  appears  superior  to  the  con¬ 
stant-pressure-gradient  header  for  nearly  all  operational  conditions 
which  might  be  encountered. 

In  comparison  with  the  constant-pressure'  gradient  header,  a  con¬ 
stant-velocity  header  has  the  advantage  of  less  volume  and,  thereby, 
less  weight,  but  has  the  disadvantage  of  appreciably  greater  flow  re¬ 
sistance.  Thus,  in  comparison  with  a  constant-diameter  header,  the  con¬ 
stant-velocity  header  will  show  still  greater  gross .  weight,  penalty  than 
the  constant-pressure-gradient  header.  This  is  illustrated  in  Figure 
V-ll*  for  an  initial  line  diameter  of  0..75  indh.  The  constant-diameter 
header  will  appear  more  favorable  relative  to  a  constant-velocity  header 
as  the  initial  line  diameter  is  reduced.  It  is  apparent , by  inspection 
of  Figure  V-lli  that  the  constant-velocity  header  has  a  small  weight  ad¬ 
vantage  over  the  constant-diameter  header  only  when  the  frictional  ef¬ 
fects  are  reduced  to  a  minimum. 

On  the  basis  of  this  study  it  is  concluded  that  in  general  the  use 
of  a  constant-diameter  operating  section  of  a  distribution  component  is 
superior  to  other  possible  types  of  design  for  typical  operational  char¬ 
acteristics  of  distribution  components  and  for  all  arrangements  of  the 
equipment  items  served  by  an  operating  section.  Thus,  the  simplifica¬ 
tion  in  evaluation  procedures  for  determining  cooling  system  penalty 
made  possible  by.  assuming  constant-diameter  headers  far  the  distribution 
component  appears  entirely:  justifiable.  /The  assumption  of  constant-di¬ 
ameter  headers  will  only,  rarely  introduce  a  slightly  greater  weight  pen¬ 
alty  than  other  types,  of  header  design.  Also,  since  in  most  -types  of 
cooling  systems  the  weight  of  the  operating  section  is  a  relatively 


WADC  TR  51i~359 


60 


small  percentage  of  the  total  system  weight,  the  effects  on  gross  weight 
herein  illustrated  are  of  considerably  less  importance  on  the  overall 
aircraft  penalty  introduced  by  the  cooling  system. 

Evaluation  of  Optimum  Line  Diameter 
for  the  Distribution  Component 

In  ary  indirect  cooling  system,  considering  all  variables  fixed, 
except  the  diameter  of  the  transfer  lines,  it  is  apparent  that  an  in¬ 
crease  in  this  diameter  reduces,  the  pumping  power  required  to  circulate 
the  transfer  fluid  and,  thereby,  the  extra  fuel  load  and  dead  weight  of 
the  power  supply  system,  but  increases  the  weight  of  the  transfer  lines. 
Consequently,  there  exists  an  optimum  transfer  line  diameter  for  any  se¬ 
lected  set  of  operational  conditions  of  the  cooling  system.  The  optimum 
line  diameter  may  be  determined  by  evaluating  the  variation  in  gross 
weight  penalty  of  the  cooling  system  with  line  diameter,  while  maintain¬ 
ing  all  system  variables  fixed.  On  the  basis  of  the  conclusions  of  the 
preceding  sub-section,  it  is  assumed  that  a  constant  line  diameter  would 
be  used  in  both  the  operating  and  starting  section  of  the  distribution 
component.  The  analysis  may  be  conducted  on  the  basis  of  the  starting 
section  only,  where  no  fluid  removal  occurs,  since  the  flow  resistance 
of  aiy  operating  section  may  be  represented  as  a  certain  fraction  of  the 
resistance  for  an  equivalent  length  of  starting  section.  Flow  resist¬ 
ance  of  the  equipment  and  intermediate  components  need  not  be  considered 
since  these  resistances  would  remain  essentially  constant  as  the  trans¬ 
fer  line  diameter  is  varied. 

For  aluminum  tubing  and  a  constant  diameter,  equation  (V-65)  be¬ 
comes 

(wmetal  +  *  °»3U(s^)(dpi)2  +  O.llidpi  +  0.0053  (V-66) 

The  required  pumping  power  is  defined  by  equation  (V— 61)  as 

-  0.1155  dgi  a'(l  +  Kf>  (V-67) 

where  the  factor  (1  +  Kp)  is  added  to  account  for  flow  resistance  of  fit¬ 
tings  .  The  Continuity  equation  defines  the.  flow  rate  as 

wDt  •  3600(uDt)(62.ii  sgDt)(0.785  dJ^/UO*  (V-68) 

Combining  equation  (V— 67 )  with  equations  (V-62)  and  (V-68)  yields 

+  KF)tvDt/1000)3/|]:«8gt)(d5|)(lS,9C»)] 

Then,  assuming  smooth  tubing,  and  introducing  the  friction  factor  rela¬ 
tionship  of  equation  (V-22),  the  pumping  power  equation  becomes 

Pjt/Ifl  -  (l  +  KF)(^g{2)(wDt/l000)2*y[(s^t)(d5^8)(59,100)]  (V-69) 
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The  effect  of  line  diameter  on  the  gross  weight  penalty  of  the  distribu¬ 
tion  component  may  now  be  established  by  substituting  equations  (V-66) 
and  (V-69)  into  equation  (V-59)  to  yield 

(1-Xref )  -  O.&CsgDtKdgi)2  +  O.lUdjJi  +  0.0053  + 


59,000  (s4t)(d;|«8) 


(V— 70) 


Differentiation  of  this  equation  with  respect  to  the  line  diameter  al¬ 
lows  derivation  of  an  expression  far  the  optimum  internal  diameter  of 
the  transfer  line  in  the  distribution  component.  The  resulting  rela¬ 
tionship  is 


dDi-opt  ■' 


0.2?5(l+lt?)0-15:8[^+  C^Dt1105)0'0316^] 


1  +  0.667  egfct 


(V-71) 


which  permits  definition  of  the  optimum  line  diameter  for  any  type  of 
transfer  fluid,  weight  and  efficiency  characteristics  of  the  power  sup¬ 
ply  system  and  flow  rate  of  transfer  fluid.  For  the  specific  weight  and 
efficiency  characteristics  of  the  power  supply  system  defined  by  equa¬ 
tions  (V-28)  and  (V-31 ),  i.e.j  20  pounds  per  pumping  horsepower  and 
33 o 3^  overall  efficiency,  and  K®  equal  to  0.25  to  account  for  fitting 
flow  resistance,  equation  (V-71;)  may  be  reduced  to  the  farm 


^i-opt 


0457(1  +  0.02y  )Q4DtylO^)0’)03l6(wDt/lOOO) 
1  +  0.667  3gp.fc 


v V— 72) 


Examination  of  equation  (V-71)  or  (V-72)  shows  that  the  optimum  line 
diameter  is  controlled  or  affected  principally  by  the  flow  rate  of  the 
transfer  fluid.  Far  example,  doubling  the  transfer  fluid  flow  rate  in¬ 
creases  the  optimum  diameter  by  36/60  The  specific  gravity  of  the  trans¬ 
fer  fluid  also  is  of  considerable  importance.  In  increase  in  the  spe¬ 
cific  gravity  of  the  transfer  fluid  from  1.0  to  1.5,  far  example,  would 
decrease  the  optimum  line  diameter  by  25^.  The  effect  of  the  viscosity 
on  the  optimum  line  diameter  is  almost  negligible.  Far  example,  a  ten¬ 
fold  increase  in  viscosity  increases  the  optimum  line  diameter  by  only 
about  7  o$%.  The  effect  of  the  power  supply  system  weight  and  effici¬ 
ency  characteristics  are  not  of  major  importance,  since  the  simultaneous 
doubling  of  the  weight  per  horsepower  and  reducing  the  efficiency  by 
one-half  increases  the  optimum  diameter  only  12% a  The  variation  of  op¬ 
timum  line  diameter  with  transfer  fluid  flow  rate  and  specific  gravity 
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is  presented  in  Figure  1-1$.  The  most  common  range  of  tube  diameter 
has  been  found  to  be  from  about  1/8  to  3/8  inch,  although  with  seme  sys¬ 
tems  the  line  diameter  may  be  0.75  inch. 


Figure  1-1$.  Variation  in  the  optimum  line  diameter  of  the  distribu¬ 
tion  component  with  transfer  fluid  flow  rate  and  specific  gravity. 

f  •  2.5.  fi  •  1C“5  lb-sec  per  ft2.  Wp-sy/Pbt  •  20  1133  P®r  hP* 

"Hp— sy  ■  33.3$«  38metal  •  2,7. 


WADC  TR  54-359 


63 


SECTION  VI 


THE  INTERMEDIATE  COMPONENT 


The  intermediate  component  serves  in  all  aircraft  cooling  systems 
whenever  the  ultimate  fluid  does  not  pass  through  the  equipment  ccmpo-  . 
nent.  In  these  cases  a  transfer  fluid  flows  through  the  equipment  com¬ 
ponent  wherein  energy  is  absorbed  by  the  transfer  fluid  at  a  rate  suffi¬ 
cient  to  cool  the  equipment  item  or  items.  The  transfer  fluid  carries 
the  heat  rejected  by  the  equipment  component  to  some  point  in  the  'cool¬ 
ing  system  where  it  must  be  transferred  to  an  Ultimate  fluid.  The  com¬ 
ponent  of  the  cooling  system  which  permits  this  energy  transfer  is 
termed  the  intermediate  component.  The  average  temperature  level  within 
the  intermediate  component  will  always  be  lower  than  in  the  equipment 
component,  so  that  the  temperature  level  at  which  heat  is  rejected  to 
the  ultimate  fluid  in  an  indirect  system  will  always  be  lower  than  for 
the  same  operational  conditions  in  a  direct  system.  Thus,  it  is  appar¬ 
ent  that  the  design  of  indirect  systems  will  be  more  critical  in  terms 
of  aircraft  penalty,  not  only  because  of  the  lower  average  temperature 
at  which  heat  is  rejected  to  the  ultimate  fluid,  but  also  because  of 
the  weight  and  pumping  power  requirement  introduced  by  the  intermediate 
component. 

The  intermediate  component  in  an  indirect  ram  air  cooling  system 
would  be  either  an  air-to-liquid  or  air-to-gas  heat  exchanger.  Since 
the  transfer  fluid  will,  most  commonly,  be  a  liquid,  the  air-to-liquid 
heat  exchanger  is  considered  to  be  the  principal  type  of  intermediate 
component  for  the  indirect  ram  air  cooling  system.  The  heat  transfer 
process  will  be  forced  convection  between  the  fluids  and  the  heat  ex¬ 
changer  surface  and  conduction  through  the  separator  plates  forming  the 
surface  in  the  exchanger,  since  neither  the  air  ncr  the  liquid  transfer 
fluid  would  normally  undergo  any  change  in  phase.  For  the  evaluation 
of  the  performance  and  physical  characteristics  of  the  indirect  ram  air 
system,  it  is  necessary  to  define  working  methods  whereby  the  physical 
characteristics  and  nearly  optimum  design  of  this  type  exchanger  may  be 
determined. 

The  ultimate  fluid  in  the  expanded  ram-air  cooling  system  is  also 
air,  so  that  the  design  of  this  type  of  cooling  system  as  an  indirect 
system  would  require  an  intermediate  component  which  is  an  air-to-liq- 
uid  or  air-to-gas  heat  exchanger.  Here  again,  the  most  likely  transfer 
fluid  would  be  a  liquid  so  that  the  air-to-liquid  heat  exchanger  repre¬ 
sents  the  principal  type  for  this  cooling  system. 

Similar  considerations  apply  to  bleed  air  cooling  systems  with  the 
exception  that  precoolers  or  other  auxiliary  heat  exchangers  are  often¬ 
times  employed  in  the  cycle.  Thus,  for  example,  with  the  simple  bleed 
air  cooling  system  an  air-to-air  heat  exchanger  would  serve  as  the  pre¬ 
cooler  since  ram  air  is  *ised  as  the  therpal  sink.  The  characteristics 
of  air-to-air  and  air-to-liquid  heat  exchangers  should  be  defined. 
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therefore,  for  study  of  bleed  air  cooling  systems 


With  indirect  blower  codling  systems  either  air-to-liquid  or  air- 
to-gas  heat  exchangers  would  most  likely  serve  as  the  intermediate  com¬ 
ponent.  Fuel  cooling  systems  are  considered  to  be  principally  of  the 
indirect  type  and,  therefore,  with  a  liquid  transfer  fluid,  the  liquid- 
to-liquid  heat  exchanger  is  considered  to  be  the  most  important  type  of 
intermediate  component.  The  refrigeration  machine  proper  represents  the 
intermediate  component  in  vapor  cycle  cooling  systems.  For  this  reason, 
the  details  of  the  intermediate  component  are  covered  in  Section  XIV 
dealing  with  the  performance  and  physical  characteristics  of  vapor  cycle 
cooling  systems.  An  indirect  expendable  cooling  system  requires  a  heat 
exchanger  to  serve  as  the  intermediate  component  wherein  farced  convec¬ 
tion  heat  transfer  occurs  on  the  transfer -fluid  side  and  evaporation  or 
boiling  occurs  on  the  ultimate  fluid  side.  Thus,  the  principal  type  of 
intermediate  component  for  indirect  expendable  systems  is  a  boiling 
liquid-to-liquid  heat  exchanger. 

The  following  sub-sections  present  the  analyses  and  development  of 
evaluation  methods  for  liquid-to-liquid,  air-to-air,  air-to-liquid  and 
boiling  liquid-to-liquid  heat  exchangers. 


Nomenclature 


Symbol  Concept 


Dimensions 


A  * 

b 


d 

e 

f 

g 

G  ' 
h 

3 

k 

K 

kw 

1 

L 

m 

n 

N 

NTU 

P 

PC 

Pr 

<1 

rh 


cross-sectional  area  of  flew 
plate  spacing 

specific  heat  at  constant  pressure 

coefficient 

diameter 

effectiveness 

friction  factor 

dimensional  constant 

mass  velocity 

heat  transfer  coefficient 

heat  transfer  correlation  factor 

coefficient  of  thermal  conductivity 

flow  resistance  coefficient 

cooling  capacity 

length  parameter 

length 

parameter 

number  of  tube  rows  or  laminations 
number  of  items 
number  of  transfer  units 
pressure 

power-to-cooling  ratio 
Prandtl  number 
heat  rate 
hydraulic  radius 


square  feet 
feet 

Btu  per  pound-°R 

variable 

feet 

dimensionless 

dimensionless 

32.2  pounds  per  slug 

pounds  per  hour-square  foot 

Btu  per  hour-square,  f oot~°R 

dimensionless 

Btu  per  hour-foot~°R 

dimensionless 

kilowatts 

dimensionless 

feet 

dimensionless 
dimensionless 
dimensionless 
dimens  ip  nless 

pounds  per  square  foot,abs. 

dimensionless 

dimensionless 

Btu  per  hour 

feet 
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j 


Symbol 


Concept 


Dimensions 


R 

Re 

s 

S 

t 

T 

u 

U 

V 

V 

w 

P 

r 

s 


t 

T| 

0 


P 

I 


thermal  resistance  and  gas  constant 
Reynolds  number 

pitch  of  tubes  in  heat  exchanger 
surface  area 
thickness 
temperature 
absolute  velocity 
overall  coefficient  of  heat 
transfer 
volume 

fluid  flow  rate 
weight 

heat  transfer  parameter 
specific  weight 
ratio  of  absolute  pressure  to 
standard  sea  level  pressure 
(211^  pounds  per  square  foot) 
crossflow  factor 
temperature  effectiveness 
ratio  of  absolute  temperature  to 
standard  sea  level  absolute 
temperature  (5l9°R) 
absolute  viscosity 
density 
parameter 

thermal  resistance  ratio 


°R-hour  per  Btu  and  feet 
per  °R 

dimensionless 
dimensionless 
square  feet 
feet 
°R 

feet  per  second 
Btu  per  hour-square 
foot-°R 
cubic  feet 
pounds  per  hour 
pounds 

pounds  per  cubic  foot 
dimensionless 


dimensionless 

dimensionless 

dimensionless 


pounds  per  foot-hour 
slugs  per  cubic  foot 
variable 
dimensionless 


Subscript  Refers  to 

c  combined  value 

core  core  of  heat  exchange 

e  exit 

f  frictional  factor  or  coefficient 

F  fin 

fl  fuel 

h  heat  transfer  coefficient 

ht)  coefficient  associated  with  the  product  h-q 

i  inlet  or  internal 

I  intermediate  component 

j  heat  transfer  correlation  coefficient 

m  mean  value 

max  maximum  value 

min  minimum  value 

nf  no-flow  dimension 

o  overall  value 

s  surface  or  separator  plate 

t  transfer  fluid 

th  thermodynamic  value 
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Subscript 


Refers  to 


U  ultimate  component 

X  heat  exchanger 

1,2  sides  of  heat  exchanger 

Superscript 


"  dimension  in  inches 

'  power  in  horsepower  or  watts 

o  total  or  stagnation  values 

a,m,n,r  exponents 

Liquid- t o-Liquid  Heat  Exchanger 

The  indirect  fuel  cooling  system  requires  a  liquid-to-liquid  heat 
exchanger  to  transfer  the  heat  dissipated  by  the  equipment  items  from 
the  transfer  fluid  to  the  fuel  acting  as  the  thermal  sink.  It  is  as¬ 
sumed  that  the  heat  exchanger  consists  of  a  tube  bundle  and  shell  with 
the  fuel  flowing  through  the  tubes  and  the  transfer  fluid  flowing  in 
crossflow  over  the  tubes.  The  transfer  fluid  side  may  be  baffled  for 
multi-pass  flow.  A  schematic  diagram  of  the  general  flow  arrangement 
assumed  is  shown  in  Figure  VI-1.  The  dimension  Li  represents  the  fuel 
flow  length,  Lo  the  transfer  fluid  flow  length  for  one  pass  and  L-j  the 
no-flow  dimension. 


Out 


Figure  VI-1.  Assumed  general  flow  arrangement  for 
liquid-to-liquid  heat  exchanger. 
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1.  Fuel-Side  Heat  Transfer  Coefficient  and  Flow  Resistance 


With  the  fuel  flowing  through  the  tubes,  the  heat  transfer  co¬ 
efficient  of  forced  convection  between  the  inside  surface  of  the  tubes 
and  the  fuel  may  be  defined  by 


hfl  " 


0.023  kfl 


(Ren)°*8(Prn)0^ 


(VI-1) 


where  kfi,  Refi  and  Prf]_  represent  the  coefficient  of  thermal  conductiv¬ 
ity,  Reynolds  number  and  Prandtl  number  of  the  fuel  during  flow  through 
tubes  of  inside  diameter  d^.  The  heat  transfer  coefficient  hj_  defined 
by  equation  (VI-1)  represents  an  average  value  for  established  flow  in 
fairly  long  tubes,  and  will  therefore  define  values  somewhat  on  the  con¬ 
servative  side,  when  applied  to  tubes  of  relatively  short  length.  The 
Reynolds  number  of  the  fuel  flow  may  be  re-expressed  in  the  f ollpwing 
manner. 

R®fl  •  Pfi  ufi  ^iAfl  *  (4iAfi)(wfiAfi)  (VI-2.) 

where 

Af!  -  (VU)(d|)(Ntubes)  -  (VI-3) 

assuming  a  square  pitch.  Letting  the  parameter  1^  be  defined  by 

h  -  VW  (vi-U) 

equation  (VI-2)  may  be  rearranged  to  the  form 

Refl  -  d§  wfl  13  s2/(0.78$  l|  Mfi  d±)  (VI-5) 


Assuming  the  inside  and  outside  diameters  of  the  tubes  to  be  0.20  and 
0.25  inch,  respectively,  and  substituting  equation  (VI-J>)  into  (VI-1) 
yields  for  the  fuel-side  heat  transfer  coefficient 


kfl 


1200  pfl 


s 

Tir 

**2 


(VI-6) 


where  the  parameter  is  defined  by 
Pn  -  kfl  PTf f i8 


(VI-7) 


The  flow  resistance  of  the  fuel-side  of  the  heat  exchanger  is 
due  to  tube  entrance  and  exit  losses  and  the  resistance  of  the  tube  sec¬ 
tion  proper  *  Since  the  flow  is  incompressible,  the  loss  in  total  pres¬ 
sure  of  the  fuel  due  to  the  flow  resistance  may  be  defined  by 
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^p£l  *  jj^i  +  Ke  +  ffl  *q/di]  (Yfl  u|i/288g) 


(VI-8) 


where  ff]_  represents  the  standard  Darcy  friction  factor.  The  inlet  and 
exit  loss  coefficients  and  Kg  remain  nearly  constant  for  fixed  pitch 
of  the  tubes.  In  this  analysis  it  is  assumed  that 


Ki  +  Ke 


(VI-9) 


which  corresponds  to  a  pitch  in  the  vicinity  of  1.3.  Then,  by  use  of 
the  continuity  equation 

Ufl  •  Wfi/(Afi  yf i  3600) 

and  equations  (VI-3)  and  (VI-U)  and  the  tube  diameters  of  0.20  and  0.2$ 
inch,  equation  (VI-8)  may  be  rearranged  to  the  form 


tep£")(rfl)  -  0.6814(0.75  +  5fnL|) 


(vi-10) 


The  fuel-side  heat  transfer  coefficient  hf^  may  now  be  ex¬ 
pressed  as  a  function  of  the  fuel-side  pressure  drop  by  equating  the 


fuel-side  flow  parameter  (s/LoHl/  I3K7  Wfi/1000)  which  appears  in  equa¬ 
tions  (VI-6)  and  (VI-10).  This  yields 


tions  (VI-6)  and  ( VI-10).  This  yields 

hfl  -  ll400pfl(  Apgyn)°*U/(0.75  +  5ffllD°,1; 


(VI-11) 


and  illustrates  the  interrelationship  of  the  heat  transfer  coefficient 
with  permissible  pressure  drop  of  the  fuel.  Doubling  the  pressure  drop 
increases  the  fuel-side  heat  transfer  coefficient  by  about  3*#. 

2.  Transfer-Fluid-Side  Heat  Transfer  Coefficient 
and  Flow  Resistance 

The  forced  convection  coefficient  of  heat  transfer  for  the 
transfer  fluid  on  the  outside  surface  of  a  tube  bank,  with  the  tubes 
having  in-line  arrangement,  is  closely  defined  by 


ht  -  0.26(kt/d0)(Ret)°*6(Ert)°*3:3 
where  the  Reynolds  number  is  defined  by 
Ret  -  do  wi>t  ^in 


(VI-12) 


(VI-13) 


The  minimum  area  of  flow  used  in  defining  the  Reynolds  number  is  the 
area  of  flow  between  two  in-line  tubes.  . . 


Amin  ■  j^l^8  “1)doJ  (l<3/Nsd0) 


(VI-H4) 
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or 


(VI-15) 


Ajnin  •  '[(a -D/s]  (ia^N) 

where  N  represents  the  number  of  passes  through  the  exchanger  made  by 
the  transfer  fluid.  Thus, 

wtAmln  ■  [s/(s-l)j 

Let  the  parameter  I2  be  defined  by 

12  -  LgN/^  (VI-16) 

then,  by  use  of  equations  (Vl-ii)  and  (VI-l6) 

wtAnin  “  [s/(s-l)]  (  I3  12)(VI|) 
or 

Vt/Kin  •  i.Uba^w^iooo)  [s/(s-l)](  12  I3/L52)  (VI-17) 

Combining  equation  ( VI-17)  with  (VI-13)  and  (VI-12)  and  introducing  d0 
equal  to  0.25  inch  and  a  pitch  of  1.3  yields 

ht  -  3670  pt  [(  12  l3)(wt/lOOO)/L52]°*6  (VI-18) 

where  for  the  heat  transfer  coefficient  of 

forced  convection  during  flow  of  the  transfer  fluid  over  the  tube  bank. 

The  pressure  loss  of  the  transfer  fluid  during  passage  through 
the  exchanger  may  be  evaluated  by  use  of  the  tube-bank  equations  pre¬ 
sented  in  Reference  VI-1.  The  pressure  loss  equation  for  incompressible 
flow  is 

ap&'Yt  -  It  ftn  14^/28  (VI-19) 

where  n  represents  the  total  number  of  tube  rows  encountered  by  the  fluid 
and  f^  is  a  friction  factor  defined  by 

ft  -  [  O.Oldt  +  0.08  s/(s-l)a]/Re°,;1^  (VI-20) 

where  a  >  0.1*3  +  1.13/s. 

The  friction  factor  f^  is  seen  to  be  relatively  insensitive  to  the  Rey¬ 
nolds  number  of  flow,  so  that  by  assuming  a  typical  average  value  of 
10,000  for  the  Reynolds  number  and  using  a  pitch  s  equal  to  1.3,  the 
friction  factor  is  equal  to  0.136.  Thus,  by  equation  ( VI-19) 

*Pt/*t  *  °*272  n 
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The  number  of  tube  rows  is  defined  by  the  number  per  pass  multiplied  by 
the  N  passes.  Thus, 

n  -  Nlg/sdJ  -  NI5/1.3K0.25  -  3*08  Nig  ( VI-21) 

Ely  continuity, 

“max  "  Tt  Amin) 

so  that  by  use  of  equation  (VI-17) 

W  »  iiO(wt/lOOO)[s/(s-l)](l2i3/lg2yt)  (VI-22) 

and 

Apf^t  *  6.75(NlJ)  [(l2l3/l^2)(Vl000)]2  (VI-23) 

The  interrelation  of  the  heat  transfer  coefficient  and  pressure 
drop  on  the  transfer-fluid-side  of  the  exchanger  is  defined  by  combining 
equations  (VI-18)  and  (VI-23) j  the  combination  yields 

ht  •  2065  f3t  [npf  r-t/1^]0*3  (VI-2U) 

Doubling  the  pressure  drop  across  the  heat  exchanger  on  the  transfer- 
fluid-side  increases  the  heat  transfer  coefficient  by  about  2%. 

3.  Mean  Temperature  Difference  for  Heat  Transfer 

So  as  to  permit  algebraic  reduction  of  the  heat  transfer  rela¬ 
tionships  to  yield  equations  defining  directly  the  volume,  weight  and 
fluid  pressure  drop  for  the  heat  exchanger,  it  was  found  necessary  to 
simplify  existing  methods  for  defining  the  mean  temperature  difference 
of  heat  transfer.  The  general  arrangement  of  the  heat  exchanger  is  a 
single  pass  for  the  fuel  and  multipass  on  the  transfer-fluid-side.  With 
a  single  pass  on  the  transfer-fluid-side,  the  heat  exchanger  becomes  one 
of  conventional  crossflow,  for  which  data  are  well  known  to  define  the 
mean  temperature  difference  for  heat  transfer.  Also,  the  mean  tempera¬ 
ture  difference  may  be  defined  by  the  equivalent  of  counterflow  when  a 
large  number  of  passes  on  the  transfer-fluid-side  are  employed.  Since 
this  exchanger  commonly  will  have  several  passes  on  the  transfer-fluid- 
side,  it  is  assumed  that  the  mean  temperature  difference  will  be  between 
the  two  extremes.  A  study  of  crossflow  and  counterflow  data  indicates 
that  a  reasonably  good  approximation  to  the  mean  temperature  difference 
for  several  passes  on  one  side  and  a  single  pass  on  the  other  is  defined 
by  the  equation 

/fflngATt— T  -  Tf ■]_.■]_)  »  1  -  o.55(©t  +  efi)  (VI-25) 

where  e^  represents  the  effectiveness  parameter  for  the  transfer-fluid- 


WADC  TR  5U-359 


71 


side  defined  by 


et  •  <Tt-i  -  Tt-2)ATt-i  -  Tri-i>  (vi-26) 


and  efi  represents  the  effectiveness  parameter  for  the  fuel-side  de¬ 
fined  cry 

®fl  "  (Tfl-2  ~  Tfl-l)ATt-l  ”  Tfl-l)  (VI-27) 

Equation  ( VI-25)  does  not  represent  a  good  approximation  to  the  mean 
temperature  difference  when  the  effectivenesses  on  both  sides  of  the 
exchanger  are  high.  Thus,  the  following  limitations  on  the  use  of  equa¬ 
tion  (VI-25)  are  introduced.  The  effectiveness  on  either  Side  shall  not 
exceed  0.70  and  the  sum  of  the  effectiveness  (e^  +  ef]_)  shall  not  ex¬ 
ceed  1.1. 


h.  Overall  Coefficient  of  Heat  Transfer  and  Energy  Balance 

The  transfer  of  heat  fron  the  transfer  fluid  to  the  fuel  in¬ 
volves  flow  through  three  thermal  resistances:  that  due  to  forced  con¬ 
vection  heat  transfer  between  the  transfer  fluid  and  the  outside  surface 
of  the  tubes,  that  due  to  conduction  of  heat  through  the  tube  walls  and 
that  due  to  forced  convection  heat  transfer  between  the  inside  surface 
of  the  tubes  and  the  fuel.  A  study  of  the  relative  magnitudes  of  the 
three  thermal  resistances  indicates  that  the  thermal  resistance  of  the 
tube  wall  is  less  than  $%  of  the  total  thermal  resistance,  and,  there¬ 
fore,  will  be  ignored  in  the  definition  of  the  overall,  coefficient  of 
heat  transfer  in  order  to  simplify  the  resulting  algebraic  relationships 

The  overall  coefficient  of  heat  transfer  based  on  the  inside 
tube  surface  area  is 


_ _ 1_ _ 

(l/hf!)  +  (di/doJtVht) 


(VI-28) 


co*,  based. on  the  assumed  internal  and  external  diameters  of  0.2  and 
0.25  inch  for  the  tubes, 


U±  -  (1.25  htJAl  +  1.25  Vhfl> 
By  use  of  equations  (VI-21*)  and  (VI-11) 


ty/kfl  "  1«U77 


V" 

'  n ' 

.pfl 

(0.75  +  5ffi  Lj)0,1* 


(VI-29) 


(VI-30) 


Also,  the  inside  surface  area  Ai  is  defined  by 

Si  -  (irdi  LjKLg  V/®2  do)  (VI-31) 
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(VI-32) 


Si  *  o.oloU  •  o.oUiU  13 

where  the  diameter  of  0.2  inch  and  pitch  of  1.3  is  assumed.  Then,  by- 
use  of  equation  ( VI-16),  which  defines  the  parameter  12  as  the  flow 
length  on  the  transfer-fluid -side  to  the  flow  length  on  the  fuel-side, 
equation  ( VI-32). becomes 

Si  -  O.OlOU  (I|)3(  l2/N)2/l3  (VI-33) 


so  that  the  product  of  overall  heat  transfer  coefficient  and  surface 
area  is 


UiSi 


107pt(Apf  yt/NL^)0-3(l2/N)2(Li3/l3) 


1  +  1.8U5 


H_  ^  U*4  (0-7g  +  gffiI»l)U<4 

?aJ  LAPfi  (Ap£  rt)0,1^"^)0*3 


«\0.U 


(VI-3U) 


The  rate  of  heat  transfer  in  the  exchanger  is  related  to  the 
overall  heat  transfer  coefficient  and  the  mean  temperature  difference  by 


qx  -  %  Si  aT^  (VI-35) 

Thus,  by  equation  ( VI-25) 

qj  -  Oj.  Si[l  -  O.SS(et  t  etl)J  (tw  -  (VI-36) 

where  UiSi  is  defined  by  equation  (VI-3h) .  By  energy  balance, 

■  wfl  cp-fl(Tfl-2  “  Tfl-l)  (VI-37) 

and  ' 

<lX  "  wt  cpt(Tt-l  “  Tt-2)  (VI-38) 

so  by  equations  (VI-36),  (VI-37)  and  (VI-38) 

^i^i  [l  -  0.55(et  +  ©fi)J  ■  wflcp-flefl  *  wtcptet  (VI-39) 


which  relates  the  product  of  the  overall  heat  transfer  coefficient  and 
surface  area  to  the  two  effectivenesses  of  heat  exchange  and  the  fuel 
and  transfer  fluid  flow  rates. 

5.  Physical  Characteristics  of  Heat  Exchanger 

The  following  derivation  presents  the  methods,  by  which  the 
working  equations  are  established  which  are  used  to  define  the  flow  and 
no-flow  dimensions,  volume  and  weight  of  the  fuel-to-transfer -fluid  heat 
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exchanger.  In  an  effort  to  establish  practical  working  equations  for 
use  in  cooling  system  evaluation  and  study,  various  assumptions  are  in¬ 
troduced  during  the  process  of  equation  derivation.  These  assumptions 
are  indicated  at  the  points  in  the  analysis  at  which  they  are  first  used. 

Equations  (VI-23)  and  ( VI-16)  may  be  combined  and  solved  for 
the  transfer  fluid  flow  rate.  This  yields 


38ii(APf  yt>0-5<i2>0-5<ia>1-5/CN2l3) 


(vi— Uo) 


Then  by  direct  combination  of  this  expression  with  equations  (VI-3U)  and 
(VI-39)  one  obtains 


}.6cpt|l  + 1. 


8Wt/Pfl> 

_  Pfiof: 


0.1/-N. 


U^tTt)  (W 


-o.2ri-°^(et 


+  efl) 


(VI-Ul) 


Numerical  evaluation  of  the  various  terms  within  the  bracketed  quantity 
on  the  left-hand  side  of  this  equation  ha3  indicated  that  the  term 


(0.75  +  5fnia)°*V(ia)0,3 


may  be  roughly  approximated  by  a  constant  value  of  0.75.  Then  it  be¬ 
comes  possible  to  solve  equation  (VI-1±1)  explicitly  for  the  heat  ex¬ 
changer  dimension  Li,  which  represents  the  length  of  the  tubes  through 
which  the  fuel  flows. 


Cptl5/6  <*P?n>  V6 


5  ' 

(A 


;{1+ujsh 


apgVt  10,1> _ 


- i - 1 

fyt)oaa2)°-3J 


(VI-li2) 


Next,  it  is  assumed  that  an  average  value  of  the  specific  gravity  of  the 
fuel  is  0.77.  As  a  representative  transfer  fluid  a  mixture  of  water  and 
methyl  alcohol  (hy$  water  by  weight,  ~65°F  freezing  point)  is  assumed, 
having  an  average  specific  gravity  of  0.87  in  the  temperature  range  en¬ 
countered  in  this  study.  Thus,  the  value  of  (yt/Yfl)0*^  18  The 

physical  properties  of  the  transfer  fluid  in  tnat  temperature  range  are 
such  as  to  permit  the  approximation 

(°Pt/Pt)5/6  ■  3.31  [l  -  O.^TtVlOO)]  (VI-U3) 


(VI-U3) 
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The  ratio  Pt/Pfl  has  a  typical  numerical  value  of  about  2 .2$ .  In  equa¬ 
tion  (VI-42)  the  specific  gravity  of  the  transfer  fluid  raised  to  the 
l/6-power  is  taken  equal  to  0.97$.  Lastly,  in  the  same  equation  the 
term  (Ap|  is  represented  by  the  assumption  that  (An^sgtJO*!  ■ 

■  1.11.  Introducing  these  constants  into  equation  (VI-42)  yields 


where 


and 


-« 

L1  * 

(18 .5/l2X  Pi)  (  )  V6(et/f»2)5/6 

(Vi-14;) 

n  " 

I  -  0.156  (Tt^lOO) 

(VI-45) 

tpz  . 

1  -  0.55  (®t  +  efi) 

(VI-46) 

H  9 

1  +  (1.96/l«-3)(ipf/aBg)°-1‘ 

( VI-47) 

The  parameter  1 z  requires  evaluation  for  definition  of  the 
heat  exchanger  length  in  the  direction  of  the  transfer  fluid  flow.  .  In¬ 
equations  (VI-10),  (VI-23.)  and  (VI- 39)  and  assuming  typical  average 
values  for  the  specific  heat  and  specific  weight  of  the  fuel  and  trans¬ 
fer  fluid,  one  obtains  by  direct  solution 

1 2  "  [(°*7$+$f1li)/l5]^3(et/efi)2/3(AP^/AP^1)V3  (VI-48) 


The  variation  in  the  friction  factor  f^  may  be  expressed  as  a  function 
of  the  Reynolds’  number,  which  in  turn  may  be  expressed  as  a  function  of 
the  fuel-side  pressure  drop.  The  rearrangement  of  this  type  yields, 
then 


0.9 


* 


MLL- 
oTI 


(<i> 


1V3 

*ei‘ 

N 

CM 

AP°" 

_efl 

V3 


(VI-49) 


The  parameter  I3  used  to  define  the  no-flcw  dimension  L3  is 
evaluated  by  solving  equation  ( VI-2  3)  for  I3.  The  length  Lp  may  be  ex¬ 
pressed  as  a  function  of  Li,  N  and  I2  by  equation  (VI-16).  The  trans¬ 
fer  fluid  flow  rate  is  related  to  the  heat  transfer  rate  by 


3.1*13  q*  -  (wt/1000)  bpfc  et(Tt-i  -  Tfi-i)  (VI-50) 

so  that  by  assuming  an  average  value  for  Cp^  of  0.86  Btu  per  pound-°R 

wt/1000  -  3.97  q’/etCTt-i  “  lfl-l)  (VI-51) 


where  q’  represents  the  heat  transfer  rate  in  kilowatts.  Introducing 
this  relationship  into  the  equation  defining  I3  yields 
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The  ratio  Pt/Pfl  a  typical  numerical  value  of  about  2.25*  In  equa¬ 
tion  (VI— U2 )  the  specific  gravity'  of  the  transfer  fluid  raised  to  the 
l/6-power^is  taken  equal  to  0.975.  Lastly,  in  the  same  equation  the 
term  (Ap£  y^)0*!-  is  represented  by  the  assumption  that  ■ 

m  1,11.  Introducing  these  constants  into  equation  (VI— U2)  yields 

4  -  (18 .5/l2) ( P])<  P3)5/6(M*)V6(et/«’2)S/6  (Vl-Wt) 

where 

Pi  -  1-  0.156(1^100)  (VI -)&) 

<p2  9  1  ~  0.55  (e^  +  ef]_)  (VI-U6) 

8X4  -  .  1  +  (l.96/l^3)(Apf/Apg)0*U  (Vl-ltf) 

The  parameter  1^  requires  evaluation  for  definition  of  the 
heat  exchanger  length  in  the  direction  of  the  transfer  fluid  flow.  By 
equations  ( VI-10),  (VI-23.)  and  (VI-39)  and  assuming  typical  average 
values  for  the  specific  heat  and  specific  weight  of  the  fuel  and  trans¬ 
fer  fluid,  one  obtains  by  direct  Solution 

12  -  [(0.75  +  5f1li)/Lj]1^3(et/efl)2/3(Ap°/Ap|1)1/3  (VI-W) 

The  variation  in  the  friction  factor  f^  may  be  expressed  as  a  function 
of  the  Reynolds’  number,  which  in  turn  may  be  expressed  as  a  function  of 
the  fuel-side  pressure  drop.  The  rearrangement  of  this  type  yields, 
then 

12  m  0.9  ~  + 
l^L 

The  parameter  I3  used  to  define  the  no-flow  dimension  L3  is 
evaluated  by  solving  equation  (VI-23)  for  I3.  The  length  Lg  may  be  ex¬ 
pressed  as  a  function  of  Li,  N  and  Ig  by  equation  (VI-16).  The  trans¬ 
fer  fluid  flow  rate  is  related  to  the  heat  transfer  rate  by 

3.1il3  q»  -  (vt/1000)  Cpt  et(Tt-i  -  Tfi-i)  (VI-50) 

so  that  by  assuming  an  average  value  for  Cp^.  of  0.86  Btu  per  pound-°R 

wt/1000  -  3,97  q’/et(Tt-i  -  Tfi-l)  •  (VI-5D 

where  q’  represents  the  heat  transfer  rate  in  kilowatts.  Introducing 
this  relationship  into  the  equation  defining  I3  yields 
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(^)°*] 


V3  [V]2/3  K1V3 

efl  Ap?-, 


(Vl-li9) 


13  »  0.72 


(VI-52) 


n/Apfui)3 1*1 

et<Tt-i  “  Tfi-i) 

n2 

q« 

which  may  be  used  to  define  the  no-flcw  dimension 

The  general  procedure  of  evaluation  for  defining  the  dimensions 
of  the  heat  exchanger  core  is  to  first  assume  a  value  of  the  parameter 
i-2*  Then,  by  equation  (Vi-140  evaluate  Lq,  which  then  permits  evalua¬ 
tion  of  I2  by  use  of  equation  (VI-4j9).  The  better  value  of  I2  would 
be  used  in  equation  (VI-14;)  to  define  a  better  value  of  Lq,  etc.,  with 
the  trial-and-error  process  being  continued  until  agreement  is  reached. 
Thereafter,  for  ary  selected  value  of  N,  representing  the  number  of  flow 
passes  on  the  transfer  fluid  side,  the  dimension  1$  may  be  evaluated  by 
use  of  equation  (VI-16)  and  the  dimension  Lo  by  equations  ( VI-52)  and 
(Vl-h). 


During  the  evaluation  of  cooling  systems  employing  heat  ex¬ 
changers  of  this  type  attention  is  directed  more  to  the  weight  and  spa¬ 
tial  requirements  of  the  heat  exchanger  than  to  the  configuration  of 
the  core.  Convenience  in  evaluation  of  weight  and  volume  is  obtained 
by  combining  the  previously  defined  relationships  and  simplifying.  This 
yields  for  the  core  volume 


YX-core(Tt-l“Tfl-l) 

q' 


111 


1-0.156 


^t-m 

W 


[l  +  2.3(ApJ/Ap|1)0*3(efl/et)0,2]1'2^ 
(Apf  )°-2^[l  -  0.5$(et  +  en>] 1,25 


(VI-53) 


When  accurate  evaluation  of  the  core  volume  is  required  for 
relatively  high  effectiveness  of  heat  exchange,  e-fc  and  efq,  the  term 
l-0.55(et  +6fq)  in  the  denominator  of  equation  (VI-53)  may  be  replaced 
with  a  more  accurate  definition  of  the  crossflow  factor  t  ,  the  ratio 
of  the  mean  temperature  difference  to  the  inlet  temperature  difference 
Tt~l- Tfq_q.  This  procedure,  in  general,  however,  requires  the  use  of 
tabular  or  graphical  data  and  does  not  permit  analytical  combination  of 
the  heat  exchanger  characteristics  with  other  components  in  the  cooling 
system  to  permit  evaluation  of  optimum  operational  conditions.  Table 
VI-1  contains  values  of  crossflow  factors  for  ranges  of  effectiveness 
eq  and  e2,  representative,  in  general,  of  sides  (l)  and  (2)  of  the  heat 
exchange  surface. 


The  total  volume  of  the  heat  exchangers,  i.e.,  core  and  head¬ 
ers,  is  assumed  to  be  defined  by. 


1.25  v: 


X-core 


(VI-510 
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Table  VI-1.  Values  of  crossflow  factor  f  , 
fluids  unmixed  (Reference  VI-8) 


\el 

e2\ 

0 

0.1 

0.2 

0.3 

o.U 

o.5 

0.6 

0.7 

CO 

c 

0 

0.9 

1.0 

0 

1.000 

0.9U7 

0.893 

O.838 

0.781 

0.721 

0.657 

0.586 

0..502 

O.388 

0 

0.1 

0.914.7 

0.893 

O.8I4O 

0.786 

0.729 

0.670 

0.605 

0.533 

0014I48 

0.338 

0 

0.2 

0.893 

O.8I4O 

0.785 

0.73k 

0.677 

0.617 

0.552 

O.I480 

0.398 

0.292 

0 

0.3 

0.838 

0.786 

0.73U 

0.682 

0.625 

0.565 

0.502 

O.I430 

0.3U8 

0.2U7 

0 

o.U 

0.781 

0.729 

0.677 

0.625 

0.569 

0.513 

0.14i9 

0.378 

0.300 

0.206 

0 

o.5 

0.721 

0.670 

0.617 

0.565 

0.513 

O.U56 

0.3914 

0.326 

0.251 

0.167 

0 

0.6 

0.657 

0.605 

0.552 

0.502 

0.104.9 

0.39U 

0.33U 

0.271 

0.201 

0.128 

0 

0.7 

0.586 

0.533 

0.U80 

O.U30 

0.378 

0.326 

0.271 

0.213 

0.151 

0.089 

0 

0.8 

0.502 

0 . 14I4.8 

0.398 

O.3U8 

0.300 

0.251 

0.201 

0.l5l 

0.100 

0.052 

0 

0.9 

0.388 

0.338 

0.292 

0.2U7 

0.206 

0.167 

0.128 

0.089 

0.052 

0.022 

0 

1.0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

The  total  weight  of  the  heat  exchanger,  which  includes  the  stored  liquid, 
tubes,  shell,  headers,  etc.,  is  defined  by 

Wx  -  0.0362  v"_core  (VI-35) 


wx  -  0.029  Wx  (VI-56) 

where  the  weight  is  expressed  in  pounds  with  the  volume  in  cubic  inches. 
The  weight-volume  equations  represent  the  average  results  of  a  fairly 
extensive  weight  analysis  of  a  number  of  commercial  liquid-to-liquid 
heat  exchangers . 

Air-to-Air  Heat  Exchanger 

Certain  cooling  systems  would  employ  air-to-air  or  gas-to-gas  heat 
exchangers.  Many  cooling  systems  would  require  this  type  of  heat  ex¬ 
changer  if  the  system  is  indirect  and  the  transfer  fluid  a  gas.  One  of 
the  common  requirements  for  the  use  of  air-to-air  exchangers  is  with 
air  cycle  refrigeration  systems,  where,  for  example,  in  the  bleed  air 
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system  it  is  normal  to  precool  the  bleed  air  by  ram  air  before  the  bleed 
air  passes  through  the  turbine.  The  following  material  presents  the 
basic  relationships  for  forced  convection  heat  transfer  and  flow  resist¬ 
ance,  and  the  application  of  these  relationships  to  the  establishment  of 
working  methods  for  defining  the  general  characteristics  of  gas-to-gas 
heat  exchangers  in  aircraft  cooling  systems. 

The  overall  heat  transfer  process  is  considered  to  be*  forced  con¬ 
vection  heat  transfer  between  a  flowing  gas  and  a  surface,  conduction  to 
an  opposite  surface  through  a  metallic  wall  and  forced  convection  heat 
transfer  from  this  opposite  surface  to  another  flowing  gas.  In  order  to 
first  present  the  equations  in  a  general  manner,  the  heat  exchanger  is 
considered  as  having  two  sides,  referred  to  as  side  (l)  and  side  (2), 
with  the  two  sides  separated  by  the  metallic  wall.  The  state  of  the  gas 
at  inlet  on  either  side  is  denoted  by  use  of  the  subscript  (i)  and  at 
exit  by  the  subscript  (e).  Figure  VI-2  illustrates  the  flow  system,  in¬ 
let  and  exit  temperatures  and  the  definition  of  the  dimensions  Lx,  I# 
and  Ljjf .  The  dimension  Lx  represents  the  length  of  the  flow  path  far 
the  fluid  on  side  (l),  L2  the  comparable  dimension  for  side  (2)  and  Lnf 
the  no-flow  dimension  of  the  heat  exchanger. 


Figure  VI-2.  Schematic  illustration  of  heat  exchanger  flew 
ayBtera  and  definition  of  dimensions. 
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1.  Basic  Relationships  for  Heat  Transfer  and  Flow 

Resistance  in  Forced  Convection 

A  common  method  of  reporting  heat  transfer  data  in  graphical 
form  is  with  a  plot  of  the  factor 

3  »  (h/G  CpHPr)2/3  (71-57) 

as  a  function  of  the  Reynolds  number  Re,  where  h  represents  the  heat 
transfer  coefficient  in  Btu  per  hour '-square  foot-°F,  G  the  mass  velocity 
in  pounds  per  hour-square  foot  and  Pr  the  Prandtl  number  of  the  fluid. 
Many  examples,  of  data  of  this  type  are  found  in  Reference  VI-2.  It  is 
often  possible  to  represent  such  graphical  data  by  an  empirical  equation 
of  simple  form,  such  as 

j  -  Cj  (Re)“r  (VI-58) 

since  the  factor  j  is  commonly  a  power-function  of  the  Reynolds  number 
for  some  ranges  of  values  of  the  Reynolds  number.  For  turbulent  flow 
in  circular  channels  the  coefficient  Cj  has  the  generally  accepted  Value 
of  0.023  and  r  the  value  of  0.20,  and  defines,  therefore,  the  Darcy 
friction  factor  divided  by  a  factor  of  8  for  turbulent  flow  over  hydrau¬ 
lically  smooth  surfaces. 

In  order  to  determine  ccr  prescribe  the  pressure  drop  or  power 
loss  of  fluids  in  a  heat  exchanger,  it  is  necessary  to  have  data  de¬ 
scribing  the  friction  characteristics  of  heat  exchanger  surfaces.  These 
friction  characteristics  are  normally  expressed  by  use  of  a  friction, 
factor  f ,  defined  by  the  equation 

Ap  -  r  (fL/iirh)(u2/2g)  (VI-59) 

where  the  hydraulic  radius  is  defined  as 


rh  .  AL/S  (VI-60) 

with  A  representing  the  cross-sectional  area  of  flow,  L  the  length  of 
the  flew  passage  and  S  the  wetted  surface.  For  a  circular  tube, 

A  ■  (nA)d2 

and 

S  »  ndL 

whence 

rh  •  d/U  (VI-61) 

Far  a  hydraulically  smooth  tube  the  friction  factor  may  be  approximated 
by  the  equation 
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0.l8ii(Re)"0,2 


(VI-42) 


and  applies  quite  accurately  for  values  of  the  Reynolds  number  from 
5 000  to  200,000.  For  heat  transfer  surfaces  other  than  tubes,  friction 
factor  data  are  usually  presented  in  graphical  form,  as  plots  of  the 
factor  f  versus  the  Reynolds  number  Re.  Such  data  can  often  be  ex¬ 
pressed  by  an  empirical  equation  of  the  f  arm 

f  -  Cf(Re)"111  (VI-63) 


of  which  equation  (VI-62)  would  be  a  special  case. 

The  process  of  transferring  heat  from  one  fluid  to  another 
through  an  intermediate  separating  surface  may  be  visualized  as  the 
transfer  of  heat  through  thermal  resistances.  In.  the  fundamental  equa¬ 
tion  for  heat  transfer  between  a  fluid  and  a  surface. 


h  S  AT. 


(VI-64) 


where  h  is  the  coefficient  of  heat  transfer,  S  is  the  surface  area,  and 
AT^  is  the  temperature  difference  between  surface  and  fluid.,  the 
product  (bS)  can  be  considered  as  a  thermal  conductance,  or  its  recipro¬ 
cal  (1/hS)  as  a  thermal  resistance.  The  resistance  equation  of  the  heat 
transfer  process  may  be  written  as 


R1  +  Rs  +  r2 


(VI-65) 


where  the  combined  or  overall  thermal  resistance  is  equal  to  the  sum  of 
the  resistance  (reciprocal  of  conductance)  on  the  side  of  the  first 
fluid,  plus  the  resistance  of  the  separating  surface,  plus  the  resist¬ 
ance  on  the  side  of  the  second  fluid.  Since  the  resistance  to  heat  flow 
through  the  separating  surface  is  usually  quite  small  due  to  high  metal 
thermal  conductivities,  it  is  neglected  in  this  analysis.  Equation 
( VI-65)  may  therefore  be  rewritten  as, 


OAiSx  Tlx)  +  (l/h2s2  T)2) 


(VI-66) 


where  the  factors  T)  ^  and  T)2  are  the  temperature  effectiveness  of  the 
heat  transfer  surfaces.  This  concept  pertains  to  extended  surfaces, 
such  as  fins,  where  due  to  the  thermal  resistance  of  the  fin  material 
itself,  all  of  the  fin  surface  is  not  at  the  same  temperature  as  the 
parent  surface  to  which  it  is  attached.  The  temperature  effectiveness 
of  a  straight  fin  Tip  with  constant  cross  section  is  given  by  the  equa¬ 
tion 


tanh  (m  Iy)  jm  Lp 


(VI-67) 


where 


(2h)/(k  tp) 


(VI-68) 
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In  these  equations,  Ip  represents  the  projective  length  of  the  fin,  h 
the  heat  transfer  coefficient  between  the  surrounding  fluid  and  the  fin, 
k  the  thermal  conductivity  of  the  fin  material  and  tp  the  thickness  of 
the  fin.  With  the  fin  surface  area  represented  by  Sp  and  the  total  heat 
transfer  surface  area  by  S,  the  overall  temperature  effectiveness  of  a 
surface  t|  is  related  to  the  temperature  effectiveness  of  a  fin  rip  by 
the  relationship 

n  -  1  -  (Sp/S)(l  -  Tip)  (VI-69) 

For  heat  exchanger  surfaces  which  do  not  have  extended  surface,  such  as 
simple  flat  plates  or  plain  tubes,  the  temperature  effectiveness  is 
unity,  since  Sp  is  zero. 

If  the  ratio  of  to  R2  is  denoted  by  4>,  equation  ( VI-65)  may 
be  written  as 

4>/Hi  •  (1  +4>)/Rc  (VI-70) 

It  is  convenient  to  introduce  a  concept  discussed  at  seme  length  in 
Reference  VI-2,  whereby  the  overall  thermal  resistance  is  defined  by 

Rc  -  V[(OTU)(w  Cp)^]  (VI-71) 

Reference  VI-2  gives  values  of  the  factor  NTU  for  a  large  number  of  heat 
exchanger  flow  arrangements.  This  factor  may  be  thought  of  as  the  ratio 
of  the  temperature  rise  of  the  fluid  having  the  smallest  thermal  capacity 
rate  (w  CpfyHp  to  the  effective  temperature  potential  for  heat  transfer 
between  the  two  fluids.  Thus, 

NTU  -  (Te  -  T1)jnaa^Tnj  (VI-72) 

where  the  meaning  of  the  terms  may  be  clarified  by  examination  of  the 
defining  equation 

q  »  ATmx/ftc  ■  (v  ®p)min^e  ”  ^i)max  (VI— f  3) 

Equation  (VI-70)  may  then  be  rewritten  in  the  farm 

-  [(1  4)/<l>]0nil)(w  CpJgja  (VI-7U) 

Substitution  of  equations  (VI-57)  and  (VI-60)  in  equation  (VI-7U),  rear¬ 
ranging  and  simplifying  yields 

(JTO^vcp^tlfJ^CVrn)!  .  [a-4)/<t.]  (RT0)(wcp)min  (71-75) 

This  equation  will  be  used  later  in  the  development  of  a  general  rela¬ 
tionship  far  the  flow  resistance  characteristic  of  a  heat  exchanger  ex¬ 
pressed  in  terms  of  its  thermal  performance  characteristics. 
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Equation  ( VI-51i)  is  now  considered  to  develop  an  expression  for 
the  resistance  characteristic  of  a  heat  exchanger.  In  addition  to  the 
pressure  loss  required  to  pump  a  fluid  through  a  heat  exchanger  cate, 
there  are  additional  losses  associated  with  entrance  and  exit  of  the 
fluid  to  and  from  the  core.  These  are  conveniently  treated  in  the  man¬ 
ner  of  a  miner  loss  such  as  occur  due  to  abrupt  expansions  and  contrac¬ 
tions  in  pipe  lines,  A  suitable  equation  for  these  losses  is,  Reference 
VI-3, 

Ap  .  yK  (u2/2g)  (VI-76) 

The  overall  pressure  loss  of  a  fluid  entering,  traversing,  and  leaving 
the  core  of  a  heat  exchanger  is  then  given  by 

Ap  -  T(u2/2g)  [(flArh)  +  x]  (VI-77) 

which  is  obtained  by  adding  equations  ( VI-59)  and  (VI-76).  Thus,  the 
coefficient  for  the  total  loss  is  defined  by 

K0  -  [(flArh)  +  k]  (VI-78) 

for  use  In  the  equation 

Ap  -  yK0(u2/2g)  (VI-79) 


Equation  ( VI-7 8)  may  be  solved  far  the  ratio  (L/rh)>  ^  then 
this  quantity  may  be  substituted  into  equation  (VI-75)  •  The  result,  af¬ 
ter  rearranging,  is 


r<*>i/3 1 

‘(^(^(wcp)^' 

WjVf)^ 

4>(wcp)1 

(VI-80) 


Equation  (VI-80)  expresses  the  flew  resistance  characteristic  of  the 
heat  exchanger  on  side  (1)  in  terms  of  the  entrance  and  exit  loss  coef¬ 
ficient  K,  the  thermal  resistance  ratio  4>>  the  fluid  flew  rates  ww<n 
and  w^,  the  physical  properties  ft*  and  cp,  and  the  parameter  (jV^T*  The 
quantity  NTU  appearing  in  the  equation  is  a  function  of  the  flew  rates 
(wcp)i  and  (wcp)2,  the  flow  arrangement  (crossflow,  single  or  multiple 
pass,  counterflow,  etc.)  and  of  the  thermodynamic  effectiveness,  to  be 
discussed  later.  An  analogous  derivation  far  the  overall  loss  coeffi¬ 
cient  on  side  (2^  K02,  gives  the  result. 


“(Pr)2/3  ‘ 

‘(l^KmKvCp)^" 

(wcp)2 

(VI-81) 


The  appearance  of  the  parameter  ( tfn/f)  in  equations  (VI-80)  and 
(VI-81)  is  of  special  interest.  If  the  heat  exchanger  surface  consists 
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of  plain  tubes  through  which  the  fluid  flows,  where  T|  ■  1,  the  parame¬ 
ter  has  a  numerical  value  of  0.125,  so  that  the  parameter,  as  appearing 
in  equations  (71-80)  and  (71-81)  is  a  constant,  for  this  geometry-,  al¬ 
though  the  factors  3  and  f  are  functions  of  the  Reynolds  number.  This 
condition  also  holds  approxima tely  for  many  other  useful  heat  exchanger 
surfaces,  including  many-  of  the  compact  surfaces  described  in  Reference 
71-2,  For  surfaces  having  extensions,  or  fins,  a  complication  is  intro¬ 
duced  by  the  fact  that  the  temperature  effectiveness  of  the  surface  tip 
is  a  function  of  both  the  Reynolds  number  and  the  temperature  level  of 
the  fluid.  Calculation  studies  have  shown,  however,  that  the  effect  of 
temperature  level  on  the  parameter  (jT]/f)  is  small,  so  that  it  is  pos¬ 
sible  to  approximate  its  value  with  a  single,  constant  value  for  any 
surface  type  which  is  appropriate  for  a  wide  range  of  Reynolds  numbers 
and  fluid  temperatures . 


Another  Important  parameter  in  the  design  of  heat  exchangers 
is  the  power-to-cooling  ratio,  defined  as  the  ratio  of  the  power  re¬ 
quired  to  pump  the  fluid  through  the  exchanger  to  the  heat  transferred 
in  the  exchanger.  This  parameter  is  mathematically  defined  by  the 
equation, 

(PC)  .  (w/  y )  (dp/77 8q)  (71-82) 


Substituting  equation  (71-79)  into  equation  (71-82),  with  substitution 
of 

u  ■  w/(3600yA) 


gives 


(PC) 


(w3/y2A2) 


1 

2gx778x36002q 


By  use  of  equation  (71-60),  equation  (71-83)  becomes 


(PC) 


(w3/*2)(Vs)2 


_ 1 

2g  x778rj- X36002  q 


K, 


(71-83) 


(71-81;) 


where  K0  may  be  defined  fcy  either  equation  (71-80)  or  (71-81)  depending 
as  the  quantities  of  equation  (71-81;)  are  applicable  to  side  (1)  or 
side  (2)  of  the  exchanger. 


It  is  now  of  interest  to  combine  certain  of  the  foregoing  equa¬ 
tions  into  a  form  which  will  describe  the  frontal  area  requirements  of 
the  heat  exchanger.  Solving  equation  (71-81;)  far  S/L  »  A/r^,  substi¬ 
tuting  K0i  from  equation  (71-80),  and  rearranging  gives 
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A1 


w 

V  "i 

1 

T“ 

■  « 

1 

y. 

X  <l(K»)x 

_j3600V2g*778. 

][Z 

"(bOx  3 

■(l+4>)(NTU)(wcp)mln' 

^(vcp)]^ 

(71-8$) 


Subsequent  use  will  be  made  of  -this  equation  in  the  discussion  of  the 
effect  of  flow  arrangement  and  other  factors  on  heat  exchanger  shape. 


A  parameter  commonly  used  to  describe  the  performance  of  a  heat 
exchanger  is  the  effectiveness .  In  the  case  of  an  exchanger  transfer¬ 
ring  heat  between  two  fluids ,  there  are  two  values  of  the  effectiveness 


which  may  be 

defined,  one  for  each  side.  These  are  as  follows, 

°1 

q 

(Te  -  Ti^ 

(VI-86) 

(wcp)i0»i2 

-  Tu> 

‘  tTi,  - 

and, 

®2 

q 

<*.  -  Ti)2 

(VI-87) 

(wCpJ2(Tx2 

"rTIIT 

•Wi?  -  fii> 

In  addition,  there  is  a  significant  parameter  called  the  thermodynamic 
effectiveness  of  an  exchanger,  defined  as  the  ratio  of  maximum  actual 
temperature  rise  of  either  fluid  to  the  maximum  temperature  rise  possi¬ 
ble.  This  is  given  by 

,th  '  <»pW*14  -  til) 

Prom  equations  (VI-86),  (VI-87)  and  (VI-88),  it  is  apparent  that  the 
thermodynamic  effectiveness  is  equal  to  whichever  effectiveness  is  the 
larger,  i.e.,  either  ex  or  eg.  In  this  connection  it  is  noteworthy  that 
combining  equations  (VI-86)  and.  (VI-87)  gives, 

«l/*2  ■  (wcp)2/(wcp)1  (VI-89) 


(l®  - 

CTi2  -'Til) 


(VI-88) 


whereby  it  is  observed  that  the  Side  haying  the  largest  effectiveness 
value  is  that  side  which  has  the  least  thermal  capacity  rate  (wcp)ff^* 

With  the  inlet  temperatures  Ti2  and  Tjx*  the  heat  transfer  rate 
q,  and  the  thermal  capacity  rates  (wcp)x  and  (wop)2  specified,  equation 
(VI-88)  may  be  used  to  calculate  the  thermodynamic  effectiveness*  This 
value  of  eth  is  then  used,  together  with  the  ratio  (wcp)min/(wcp)mwc,  to 
obtain  the  value  of  NTU  from  charts  for  the  various  flow  arrangements  as 
given  in  Reference  VI-2*  The  factor  NTU  is  then  applied  in  equation 


8U 
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( VI-85)  far  finding  the  frontal  flow  area  of  the  exchanger. 

It  is  next  desired  to  derive  an  expression  for  the  length  re¬ 
quired  of  the  heat  exchanger  core.  Equation  (VI-78)  may  be  solved  far 
L  to  give 


c 

o 


L  .  (K0  -  KXltrj/f) 

But  by  equation  (VI-63) 

L  .  (K0  -  K)(lffh)  [lirhy(3600  uV/tj^Cf 
and  from  equation  ( VI-83) 

u  .  [2g  x  778  q(PC)/(w  Ko)]l/2 
Thus,  by  substitution. 


0 

1 

"l 

V 

m 

q(pc) 

m/2 

(2ci  778)n,^2f 

LC2J 

0 

w 

pf 

( VI-89) 

(VI-90) 

(VI-91) 

(VI-92) 


Equation  (VI-92)  gives  the  flow  length  Of  the  exchanger  far  either  the 
side  associated  with  fluid  (1)  or  that  associated  with  fluid  (2).  The 
required  surface  area  for  heat  transfer  may  now  be  defined  by  use  of 
the  relationship 


S  -  AlAh 


(VI-93) 


As  previously  indicated,  the  equations  for  K0,  L,  A  and  S  are 
appropriate  for  either  side  (1)  or  side  (2)  of  the  exchanger.  Unfor¬ 
tunately,  however,  it  is  not  possible  to  design  each  side  of  the  ex¬ 
changer  using  these  relationships,  since  once  these  quantities  are  es¬ 
tablished  for  one  side,  there  are  physical  and  thermal  limitations 
which  must  be  satisfied  by  the  other  side.  For  example,  in  a  heat  ex¬ 
changer  of  established  core  surface,  there  is  a  fixed  relationship  be¬ 
tween  Si  and  S2 1  the  surface  areas  wetted  by  each  fluid.  It  is  there¬ 
fore  necessary,  once  the  first  aide  has  been  designed,  to  make  the  sec¬ 
ond  side  furnish  a  sufficient  heat  transfer  coefficient  that  the  rela¬ 
tionship 

■  Ri/k2  ■  0*2  Ti2®2^/^1  ^l^l)  (VI-94) 

is  satisfied,  where  4>  i s  the  same  value  as  selected  far  the  design  of 
the  first  side  of  the  exchanger.  If  equations  (VI-80),  (VI-85),  (VI-92) 
and  (VI-93)  are  used  to  obtain  X0i,  Ai,  Li  and  Si,  the  design  require¬ 
ments  are  satisfied  if  I2  is  determined  from 

L2/L1  •  (rh2/rhl)(S2/Si)(A1/A2)  (VI-95) 
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which  is  derived  from  the  definition  of  the  hydraulic  radius,  equation 
( VI-60),  ^n  equation  ( VI-95)  the  ratios  i*h2/rhl  and  Sg/S^  wou^-d  *>® 
known  by  the  type  of  core  structure  used,  thus  making  it  necessary  only 
to  give  special  attention  to  the  method  of  determining  the  flow  areas 
An  and  A2 .  The  value  of  the  flew  area  Ai  is  determined  from  the  con¬ 
tinuity  relationship 

Ai  -  *3/(3600  frU})  (VI-96) 

where  the  velocity  U]_  is  defined  by  use  of  equation  ( VI-91)*  In  order 
to  establish  the  flow  area  Ag,  it  is  necessary  to  examine  the  relation¬ 
ships  which  govern  the  heat  transfer  coefficient  on  the  second  side.  Ry 
combining  equations  ( VI-57)  and  (VI-58)  and  expressing  the  mass  velocity 
G  by  means  of  the  Reynolds  number  of  flow  defined  by 

Re  -  ljrhG/^  (VI-97) 

one  obtains  for  the  heat  transfer  coefficient 

h  .  Cj(cp/i/lirh)(ft*)2^(Re)(arf)  (VI-98) 

which,  for  a  particular  core  surface  structure,  is  a  function  of  the 
Reynolds  number  and  the  fluid  temperature .  Since  the  overall  fin  tem¬ 
perature  effectiveness  Tjj.  of  a  given  surface  is  a  function  of  the  heat 
transfer  coefficient  h,  and  since  the  variation  of  the  effectiveness 
is  small  compared  to  that  of  the  coefficient  h,  it  follows  that  a  satis¬ 
factory  approximation  for  the  product  hg  Tjg  is, 

h2  ^2  ■  chri  ft®)1*  (VI-99) 

In  this  equation  both  C^n  and  the  exponent  n  are  assumed  to  be  strictly 
a  function  of  temperature.  It  has  been  found  possible,  however,  to  de-- 
fine  an  average  value  of  n  suitable  for  a  wide  temperature  range  (such 
as  -100°  to  +500°F  for  air),  and  correlate  data  for  the  htj  product  as  a 
function  of  the  Reynolds  number  by  assuming  that  only  varies  with 
temperature.  It  is  therefore  convenient  to  write 


Gg  ■  (^/lirh)(hg  Ug/ChT]  )^n 

(VI-100) 

But  from  equations  (VI-70)  and  (VI-71) 

cKh^jS!)  -  (H4)(MrU)(wcp)min  -  hgTjgSg 

(VI-101) 

Thus* 

hg  Ug  -  (l4>)(MTU)(wcp)min  /Sg 

(vi-ioe) 

Using  the  continuity  equation  in  the  form 
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*2  "  w2/°2 

and  equations  (VI-96),  ( VI-100)  and  (VI-101)  substituted  in  equation 
(VI— 95)  yields  the  flow  length  on  side  (2)  as 


(VI-103) 


The  only  remaining  dimension  of  the  heat  exchanger  is  Ljjf,  the 
no-flow  dimension.  Since  this  dimension  is  a  function  of  the  care  sur¬ 
face  geometry  as  well  as  the  flow  arrangement  of  the  exchanger,  it  is 
not  discussed  at  this  point.  Examples  of  determining  the  no-flow  dimen¬ 
sion  of  an  exchanger  are  given  later  in  cases  of  designs  for  which  the 
core  surface  geometry  and  the  flow  arrangement  have  been  selected. 


The  power -to-cooling  ratio  of  the  second  side  of  the  heat  ex¬ 
changer  is  similar  to  the  length  Lg,  in  that  it  is  a  dependent  variable 
which  must  satisfy  the  conditions  resulting  from  the  design  of  the  first 
side  of  the  heat  exchanger.  Using  equation  (VI-81*)  and  the  definition 
of  the  hydraulic  radius  to  eliminate  the  flow  areas  A i  and  A2»  the  sec¬ 
ond  side  power-to-cooling  ratio  is  given  by. 


(PC)2 

TpcIT 


rw2 

3 

rnf 

“rhi|: 

Lwic 

Lrd 

_rh2. 

.S2. 

(vi-ioU) 


t  The  relationships  developed  to  this  point  are  generally  appli¬ 
cable  to  the  design  of  heat  exchangers  transferring  heat  between  two 
fluids  in  farced  convection.  They  are  suitable  far  fluids,  either  gas 
or  liquid,  so  long  as  basic  data  for  j  factors  and  friction  factors  can 
be  suitably  correlated  in  the  forms  shown. 


Thus  far  there  has  been  no  consideration  given  to  the  questions 
of  selecting  core  surfaces  or  flow  arrangements  •  Consideration  is  next 
given  to  these  factors,  after  which  it  will  be  possible  to  show  the  ap¬ 
plication  of  the  equations  developed  here  to  the  design  of  a  number  of 
particular  types  of  heat  exchangers. 


2t  Heat  Exchanger  Flow  Arrangements  and  Core  Surfaces 


There  are  a  number  of  flow  arrangements  used  in  heat  exchanger 
construction.  The  heat  exchanger  designer  must  select  a  flow  arrange¬ 
ment  suitable  to  the  design  problem,  where  in  general  the  basis  of  se¬ 
lection  includes  both  physical  arrangement  and  thermal  performance  con- 
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siderations.  Fran  a  thermal  performance  standpoint,  the  best  flow  ar¬ 
rangement  for  an  exchanger  is  the  counter  flow  arrangement,  since  this 
type  always  requires  the  least  surface  area  and  the  smallest  size  far  a 
given  heat  transfer  rate  and  temperature  potential.  However,  there  are 
physical  difficulties  encountered  in  the  construction  of  a  counterflow 
exchanger,  since  the  problem  of  suitably  manifolding  the  two  fluids  can 
be  complicated.  Therefore,  in  many  cases  it  is  practical  to  use  same 
form  of  crossflow  exchanger.  Although  the  manifolding  of  a  crossflow 
exchanger  is  less  involved,  the  size  is  sanewhat  greater  than  in  counter¬ 
flow  for  comparable  operating  conditions,  and  the  maximum  attainable 
values  of  thermodynamic  effectiveness  are  not  as  high  as  with  the  coun¬ 
terflow  arrangement.  This  latter  difficulty  can  be  partially  overcome 
by  the  use  of  multipass  crossflow,  where  the  greater  the  number  of 
passes,  the  more  closely  the  counterflow  performance  is  approached.  In 
penalty  for  this,  however,  the  multipass  arrangements  require  return 
headers,  adding  to  the  complexity  of  construction  and  imposing  addition¬ 
al  resistance  to  flow  of  the  heat  transfer  fluids. 

For  purposes  of  cooling  systems  studies,  it  is  desired  to  se¬ 
lect  a  flow  arrangement  which  is  generally  applicable  to  a  wide  variety 
of  physical  situations,  but  which  still  gives  heat  exchanger  designs 
which  represent  reasonably  the  order  of  size  that  ary  flow  arrangement 
would  require  under  the  same  conditions.  In  order  to  do  this,  the  ef¬ 
fect  of  flow  arrangement  on  size  is  now  considered. 

Referring  to  equation  (vi-8£),  the  only  variable  determined  by 
flow  arrangement  that  affects  the  heat  exchanger  size  is  the  factor  NTU, 
for  fixed  conditions  of  specified  thermodynamic  effectiveness,  pressure 
level,  and  flow  rates  of  the  two  fluids.  Reference  VI-2  presents  a 
chart  showing  the  effect  of  various  flew  arrangements  on  the  value  of 
NTU.  These  data  show  that  the  maximum  ratio  of  the  MTU  for  a  single¬ 
pass  crossflow  arrangement  (fluids  uuaixed)  to  the  NTU  for  a  counterflow 
arrangement  is  of  the  order  of  2*1  within  the  practical  range  of  values 
of  NTU.  Frau  equation  (VI-85)  it  is  therefore  apparent  that  the  flow 
area  would  vary  by  (2)^*5  or  in  a  ratio  of  about  l.l*tl.  Since  the  fron¬ 
tal  dimensions  are  approximately  proportional  to  the  square  root  of  the 
area  A,  it  follows  that  the  frontal  dimensions  would  vary  by  roughly  2 Of>. 
It  follows,  therefore,  that  the  frontal  dimensions  of  an  exchanger  would 
not  be  reduced  by  mare  than  about  2 by  use  of  any  flow  arrangement  su¬ 
perior  in  performance  to  single-pasa  crossflow  with  fluids  unmixed.  The 
arrangement  using  a  single-pass  crossflow  exchanger  with  one  fluid  mixed 
is  on  the  opposite  side  from  the  counterflow,  so  that  the  frontal  dimen¬ 
sions  for  this  case  would  be  larger,  and  to  a  similar  extent.  Therefore, 
single-pass  crossflow  with  fluids  unmixed  appears  to  be  a  reasonably 
representative  flow  arrangement,  and  is  neither  the  smallest  nor  largest 
heat  exchanger  that  will  fit  a  specified  performance  condition.  Further¬ 
more,  it  appears  to  be  physically  suited  to  many  applications  because  of 
its  simple  manifolding,  thus  making  it  ideal  for  a  general  comparative 
study  of  cooling  systems. 

The  next  item  to  be  considered  is  the  selection  of  the  ■type  of 
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core  surface  for  a  heat  exchanger.  The  surface  selected  should  afford 
the  best  available  characteristics  of  heat  transfer  rate  per  unit  volume 
of  core,  at  a  specified  temperature  potential  and  per  unit  of  power  ex¬ 
pended  to  pump  the  fluids.  The  core,  far  aircraft  service,  should  also 
have  the  least  weight  compatible  with  pressure-safety  or  reliability  re¬ 
quirements.  Data  are  available  in  Reference  VI-2  describing  the  charac¬ 
teristics  of  a  large  number  of  surfaces  in  a  form  convenient  for  com¬ 
paring  their  performance  on  the  basis  of  heat  transfer  rate,  size,  and 
power  requirements.  A  study  of  these  data  has  indicated  that  the  sur¬ 
face  shown  in  Figure  VI-3  is  well  suited  for  use  in  aircraft  heat  ex¬ 
changers.  Reference  VI-U  indicates  that  this  surface  should  be  suitable 
for  working  pressures  up  to  1j50  psi  far  the  temperature  range  -3!?0o  to 
+300 °F,  and  up  to  200  psi  for  the  temperatures  up  to  600°F,  when  the 
care  is  assembled  by  brazing  aluminum  plates  and  fin  structures  to¬ 
gether*  The  separator  plates,  which  sandwich  the  fin  structure,  are 
0.032  inch  thick. 


Figure  VI-3.  Ruffled  plate-fin  surface.  Surface 
designation,  17.8-3/8-fi,  Reference  VI-2. 

A  surface  of  the  type  shown  in  Figure  VI-3  is  well  suited  to 
heat  exchanger  construction,  since  the  core  can  be  built  up  of  layers, 
or  laminae,  consisting  of  the  corrugated  fin  stampings  and  the  separa¬ 
tor  plates  alternated  and  brazed  together.  A  core  so  fabricated  re¬ 
quires  very  little  ty  way  of  external  pressure  casing,  since  it  is  a 
pressure-tight  unit  of  itself  when  manifolds  are  attached  and  when 
small  end  pieces  are  brazed  in  to  close  off  those  areas  otherwise 
closed  off  only  by  the  outermost  fin. 

With  the  development  of  the  basic  relationship  governing  di¬ 
mensions  and  performance  of  forced  convection  heat  exchangers,  together 
with  the  selection  of  flow  arrangement  and  core  surface,  it  is  possible 
to  proceed  to  the  development  of  design  procedures  for  air-to-air  heat 
exchangers. 
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Figure  VI-U.  Plots  of  the  design  factors  ( j/f)^  and  hT{  for  an 
air-to-air  crossflow  exchanger  with  surface  17.8-3/8-R. 

* 
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3.  Design  Procedures 

The  air-to-air  heat  exchanger  is  considered  in  the  form  of  a 
single-pass  crossflow  arrangement  with  the  core  surface  of  the  type  il¬ 
lustrated  in  Figure  VI-3.  The  construction  of  this  surface  is  such  that 
it  is  Impossible  for  the  air  to  mix,  during  flow  through  the  exchanger, 
so  the  condition  of  the  fluids  being  unmixed  pertains.  The  same  core 
.surface  is  used  for  each  side. 

Figure  VI— U  presents  the  information  which  must  be  prepared 
for  the  method  of  heat  exchanger  design  to  be  used.  The  data  shewn  are 
based  on  those  presented  for  this  surface  in  Reference  VI-2.  From  Fig¬ 
ure  Vl-li  it  may  be  seen  that  the  friction  factor  data  can  be  represented 
in  the  farm  of  a  power  function,  as  indicated  for  equation  (VI-63).  A 
suitable  equation  for  these  data  has  been  determined  to  be 

f  -  U.73(Re)"0*^  (VI-105) 

The  plots  of  the  parameter  j  *rj  /f  shown  in  Figure  VI-1+  are  calculated 
from  the  j-f actor  data  of  Reference  VI-2,  by  selecting  a  range  of  air 
temperatures  and  using  equations  (VI-67),  (VI-68)  and  (VI-69)  to  evalu¬ 
ate  the  temperature  effectiveness  T|  .  It  is  apparent  from  Figure  VI-1; 
that  the  parameter  j.q/f  is  substantially  constant  for  this  application. 
A  value  of  j  "n/f  of  0.0J>1  has  been  selected  as  suitable  to  represent  the 
parameter  in  the  range  -100°  to  £00°F,  and  for  Reynolds  numbers  from 
5>00  to  5000,  or  for  reasonable  extrapolations  of  this  range.  AS  ex¬ 
plained  in  Reference  VI-2,  for  the  selected  surface,  the  fin  length  is 
one-half  the  spacing  between '  separator  plates,  i.e.,  0.206  inch. 


An  evaluation  of  the  product  hq  for  this  surface  and  for  the 
temperature  range  from  -100°  to  5>00°F  was  conducted  and  thereby  deter¬ 
mined  that  a  fairly  accurate  representation  of  this  variation  is  de¬ 
scribed  by  the  equation 


Figure  VI-5.  Variation 
of  the  coefficient  Cj™ 
(equation  VI-106)  with 
temperature. 
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hT)  -  ChT)  (Re)0*^  (71-106) 

whore  the  coefficient  is  a  function  of  the  air  temperature  as  shown 
in  Figure  71-5  • 

It  is  next  desired  to  calculate  the  values  of  the  loss  coeffi¬ 
cients  Ki  and  K2  as  applied  to  a*  core  of  the  selected  17 .8-3/8-R  sur¬ 
face*  For  one  lamination  the  ratio  of  free  frontal  area  available  far 
fluid  flow  to  gross  frontal  area  is  0.82.  However,  one  lamination  con¬ 
stitutes  only  one-half  of  the  total  gross  frontal  area  far  that  lamina¬ 
tion,  since  each  such  lamination  is  matched  by  another  for  flow  of  the 
other  fluid.  Since  the  entire  . area  occupied  by  the  other  lamination  is 
blocked,  the  true  area  ratio  a  for  flow  of  either  fluid  is  only  0.2|1. 
This  area  ratio  defines  an  abrupt  expansion  loss  coefficient  of  0.35 
(Reference  71-3).  The  coefficient  for  entrance  loss  is  difficult  to 
determine  in  the  absence  of  any  data  or  information  on  the  sharpness  of 
the  entrance  earners.  A  value  on  the  order  of  0.35  is  reasonably  repre¬ 
sentative,  so 

%  +  K2  -  0.35  +  0.35  ■  0.70  (71-107) 

With  the  selection  of  flow  arrangement  and  surface,  it  is  now 
possible  to  derive  an  equation  for  the  no-flow  dimension  Lnf  of  the  ex¬ 
changer.  The  flow  frontal  area  of  the  exchanger,  from  geometrical  con¬ 
siderations,  is  given  by 

Ai  •  Ljjf  L2  a 
ar 

-  A3/L2  a  (71-108) 

where  a  is  the  ratio  of  free  flow  to  gross  frontal  area,  as  calculated 
above  to  be  O.Ul.  Therefore, 

1^  «  2.UU  A1/L2  (71-109) 

which,  together  with  the  equations  developed  in  the  basic  analysis 
makes  it  possible  to  completely  design  the  care  af  the  air-to-air  heat 
exchanger . 

In  Figure  71-6  are  shown  physical  properties  of  air  appearing 
in  the  design  equations,  namely,  specific  heat  cp,  viscosity  fi,  and 
standard  specific  weight  y/f  .  The  figure  also  contains  a  plot  of 
Rr2/3/(l;jT] /f)  for  jT|/f  ■  0.05l  and  a  plot  of  02chr[nj  appearing  ia 
equation  (71-103),  based  on  the  variation  of  Ch«  with  temperature  shown 
in  Figure  71-5  and  the  value  for  n  of  0.5U2  indicated  by  equation 
(71-106).  Thus 

-  /*2<chTi  r1#8ii6  (71-110) 
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-1*846  c  Btu  per  lb-°F 


■r 


a. 


Figure  VI-6,  Properties  of  air  and  design  parameters 
for  air-to-air  heat  exchanger. 
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.iq-qj  aed  qX  <T>/  no  aed  qx  ‘s/JL  ,  (j/U*)/{ 


5.0, 


Figure  VI-7.  HTU-effectiveness  relationships  for  crossflow 

of  unmixed  fluids. 

Figure  VI-7  contains  curves  defining  the  parameter  NTU  as  a 
function  of  the  thermodynamic  effectiveness  e^h  and  the  ratio  of  thermal 
capacity  rates  for  crossflow  and  unmixed  fluids  (Reference  VI-2). 

The  methods  may  be  used  to  illustrate  the  design  of  an  air-to- 
air  heat  exchanger  for  the  following  conditions* 

W1  ■  w2  *  1000  lb/hr 
®1  ■  *  1.0  sq  ft 

q  ■  10,000  Btu/hr 


<  0°F 
,  100°P 
-  0.10 
1.0 

i  Hi. 7  paia 
'  l2i«7  paia 


The  hydraulic  radius  r^  of  the  selsoted  surface  Is  0 • 0017 U  feet.  The 
parameter  jri  /f  has  the  seleoted  average  value  of  0.031,  the  exponent  m 
Is  0,ii3li,  the  exponent  n- 0.31*2  and  the  coefficient  Cf*li.73>  the  coeffi¬ 
cients  Ki  and  K2  are  each  0.7.  The  exit  temperatures  of  the  air  on 
sides  (1)  and  (2)  are  defined  by  heat  balance,  i.e., 

<1  ■  vj,  Op-l(Tel  “  Til) 

or 

10,000  •  1000  x  0.239 (Tei  -  0) 

Tel  -  Iil.7^F 

where  the  factor  0.239  represents  the  specific  heat  Cp  (Figure  VI-6)  for 
the  average  air  temperature  at  side  (1)  of  20.8°F.  Also, 

q  -  w2  c^(Te2  -  T^) 


-10,000  ■  1000  X  0.2li0  (Te2  -  100) 
t,2  •  56.u°F 

where  the  factor  0.2 liQ  represents  the  speoifio  heat  cp  (Figure  VI-6) 
for  the  average  air  temperature  at  side  (2)  of  79.2°F.  For  these  aver¬ 
age  temperatures.  Figure  VI-6  gives 

Prf/3/Mt|/f)i  -  3.9U 

fi  1  ■  O.Olil  lb/ft-hr 

/f  )2  •  3.90 

■  0.133 

The  specific  weights  of  the  air  based  on  inlet  pressure  and  average  tem¬ 
perature  are  by  Figure  VI-6  ( fi»  S2  »  1) 

3Ti  -  0.0823  lb/cu  ft 

y2  ■  0.0738  lb/°u  ft 
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The  thermodynamic  effectiveness  is,  by  equation  ( VI-8 8) 
et},  ■  10,000/(1000  x  O.2I4.  x  100)  ■  0.416 

since  (wcpJmin  ■  (wcp)i„  The  ratio  (vG^)ma^/(vcv)m^  is  21*0/239  ■  1.00. 
The  parameter  MTU  may  then  be  found  in  Figure  VI-7.  It  has  a  value  of 
0.76.  Thus,  by  equation  (VI-81) 

Kol  -  0.70  +  (3.9U)(0,76)(2)(1)  •  6.7 


and,  therefore,  by  use  of  equation  (VI-92 ) 

•  0.334  ft. 

The  surface  area  on  side  (1)  is  defined  by  equation  ( VI-85)  as 
■  7*46  sq  ft 

and  the  length  I g  by  equation  (VI-103) 

Lg  -  0.338  ft 

Then,  by  use  of  equation  (VI-109) 

Ljrf  -  0.288  ft 

The  equivalent  loss  coefficient  for  side  (2)  is  defined  by  equation 
(VI-81)  as  Kq2  ■  6.7,  so  that  by  equation  (VI-104) 

(PC)2/(PC)i  «  1.28 

The  pressure  drop  of  the  air  on  both  sides  may  then  be  evaluated  from 
the  PC-ratlos.  By  equation  ( VI-82) 

PC!  -  0.1  •  1000  Ap!/(778  x  0.0825  x  10,000) 

AP]_  ■  64  psf  ■  0.445  pel 

cr, 

Ap^/Pii  •  0.445/14.7  »  0.03 

Then, 

PC2  ■  0.1  x  1.28  «  1000  ^pg/(778  x  0.0738  x  10,000) 

AP2  ■  73.5  psf  ■  0.5l  psi 

or, 

Apg/p^  *  0.5l/l4.7  ■  0.035 
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A  check  on  the  accuracy  of  this  design  by  using  the  evaluated  dimensions 
and  then  determining  the  pcwer-to-cooling  ratio  for  the  two  sides  by  the 
detailed  method  without  any  approximations  indicates  a  value  of  1.33 
versus  the  example  value  of  1,28.  In  general*  the  agreement  is  quite 
good. 


It  is  of  interest  to  note  from  this  example  that  there  are  nine 
variables  which  may  be  specified  for  the  design  of  a  heat  exchanger. 
Among  them  the  thermal  resistance  ratio  <f-’  ■  (R1/R2)  ^-s  special  in¬ 
terest.  Its  value  is  an  important  factor  in  determining  the  shape  and 
overall  volume  and  weight  of  the  exchanger  core.  An  increase  of  4>  de¬ 
creases  the  flow  length  In,  increases  the  flow  length  Lo>  and  decreases 
the  no-flow  length  L^.  Since  these  lengths  can  vary  widely,  it  is 
usually  necessary  to  determine  the  range  of  the  resistance  ratio 
which  will  give  reasonable  heat  exchanger  configuration.  These  effects 
are  illustrated  in  Figure  VI-8.  It  may  be  noted  that  the  resistance 
ratio  4>  also  affects  the  volume  and  weight  of  the  heat  exchanger ,  as 
indicated  by  the  variation  of  the  surface  area  S,  to  which  both  are  di¬ 
rectly  proportional.  As  the  thermal  resistance  ratio  4>  increases,  the 
volume  and  weight  decrease,  but  at  the  expense  Of  an  increased  power 
requirement  to  pump  the  air  through  the  second  side,  as  evidenced  by 
the  increase  in  (PC)o/(PC)]_.  This  is  because  the  increase  of  cj)  requires 
a  larger  product  of  Heat  transfer  coefficient  and  surface  area  I12S2  on 
the  second  side. 

The  dimensions  and  ratio  (PC)2/(PC)]_  of  a  heat  exchanger  for 
specified  operating  conditions  of  heat  transfer  capacity,  flow  rates, 
inlet  temperatures,  pressure  levels  and  power-cooling  ratio  of  side  (l) 
and  various  resistance  ratios  4>  can  be  determined  on  the  basis  of  a 
reference  design  of  known  resistance  ratio  c|>ref .  The  exchanger  charac¬ 
teristics  are  related  by  the  following  equations  to  the  reference  char¬ 
acteristics  . 


(1  +4>)/43  ■ 

-  F 

(VI-111) 

h. 

F  r 

0.7  r,  f  1 

*\ -0.217 

+  _L_  V 

tfTT 

^l-ref 

Fref  lKol-ref  L~  Frefj 

Fref/ 

\  V  i— JLL C  ) 

K01 

0.70 

F\  F  “L  F 

(VI-H3) 

Kol-ref 

^ol-ref 

L  FrefJ  Fref 

Ko2  _ 

0.70 

N  _  1  t  4>lt 

l+c{5 

(VI-llU) 

Ko2-ref 

so2-ref 

1  +<^ref . 

i+^ref 

S1 

^  r 

Kol  l0-5 

(vi-115) 

sl-ref 

^-ref  LKol-refJ 
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Length,  L,  ft.  C$urface  Area)/10,  S/lO,  sq  ft.  Ratio  (.PC)V,(PC)^ 


Figure  VI- 


■8.  Effect  of  thermal  resistance  ratio  4*  on  characteristics 
of  air-to-air  heat  exchanger. 


WADC  TR  5U-359 


98 


o 

c 


(VI-H6) 

(VI-117) 

(VI-118) 


The  vise  of  above  relationships  in  design  work  is  greatly  facili¬ 
tated  by  representing  them  graphically.  This  is  done  most  conveniently 
on  logarithmic  coordinates. 


It  is  also  possible  to  determine  readily  the. effects  of  chang¬ 
ing  the  pressure  levels  S±i  and  S±2  and  the  power-cooling  ratio  Of  side 
(l)  on  the  heat  exchanger  dimensions,  required  surface  area  and  power¬ 
cooling  ratio  of  side  (2).  The  following  proportionalities  are  derived 
from  the  basic  equations. 


Similarly 


Lx  a  (PC)i°217  (VI-119) 

L2  a  (PC)i*239  (VI-420) 

Ljif  a  (PC)J0,739  (VI-121) 

Sx  a  (PC)i0,283  (VI-122) 

(PC)2  a  (FC)^0^  (VI-123) 

L1  «  (  (VI-12U) 

L2  a  (  fii)0'1*78  (VI-025) 

Lnf  a  (  fii)"1*^79  (VI-126) 

Si  a  (  Sii)"°^66  (VI-127) 

(PC)2  o.(  fix)2,088  (VI-128) 

(PC)2  a  (  f^)"2*00  (VI-129) 


It  should  be  noted  that  the  pressure  level  of  the  air  on  side  (2),  £12* 
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has  no  effect  on  ary  of  the  heat  exchanger  dimensions,  but  affects  only 
the  power  requirement  on  this  side. 

The  use  of  the  above  relationships  in  design  work  is  facili¬ 
tated  by  expressing  them  graphically  in  relation  to  a  set  of  reference 
values.  Straight-line  plots  are  obtained  on  logarithmic  coordinates* 

!{..  Simplified  Approximate  Method 

For  the  evaluation  of  the  performance  and  physical  character¬ 
istics  of  cooling  systems  employing  heat  exchangers  of  this  type  it  is 
very  desirable  to  use  methods  which  are  considerably  simpler  in  evalua¬ 
tion  form  than  those  presented  in  the  preceding  sub-sections  in.  order 
to  permit  analytical  combination  of  the  various  components  in  a  cooling 
system.  By  means  of  a  simplification  method  it  may  be  possible  to  es¬ 
tablish  analytically  optimum  design  conditions  for  a  cooling  system, 
without  resorting  to  extensive  computations. 

For  the  selected  core  construction,  the  previously  determined 
constant  values  are  used:  namely,  r^  is  0.00171;  ft,  Cf  is  I;.73>  exponent 
m  is  0.1;3l;,  exponent  n  is  0.5U2,  j  T|/f  is  0.0$1.  The  parameter  (pi  is  as 
shown  in  Figure  VI-6.  Furthermore,  it  is  assumed  that  the  entrance  and 
exit  losses  may  be  neglected.  Thus,  the  factors  Ki  and  K2  in  equations 
(VI-80)  and  (VI-81)  are  dropped  out.  Then,  by  introducing  the  perfect 
gas  equation  of  state  into  equation  (VI-82),  one  obtains 

(PC)-^  -  35.6(©il)(Ap£/pil)  (VI-130) 


Substituting  in  equation  (VI-92),  the  flow  dimension  on  side  (l)  is 
given  by 


Itl  -  0.16U(  ^il)0-^(Ap£/pil)0o217(Kol)°*783/(Qil)0*217  (VI-131) 


where  the  viscosity  on  side  (1)  has  been  assigned  a  typical  average 
value  since  its  effect  on  this  dimension  has  been  found  to  be  small. 
Following  a  similar  procedure  far  the  flow  dimension  on  side  (2),  one 
obtains 


1*2  * 


1.62  (p  i 


f2 

-elJ 


(VI-132) 


The  ratio  of  the  two  flow  dimensions  I^/L^  becomes,  therefore, 

\  •  9.X  jpx  ||  '  3(401,8iy  |(Kol)0-025(%1)0-CE3j(W-133) 


and  because  of  the  small  variation  of  the  flow  length  ratio  I^/lq.  with 
pressure  level.,  pressure  drop,  temperature  level  and  the  resistance  co¬ 
efficient,  indicated  by  their  small  exponents,  equation  (  VI-133)  nay  be 
simplified  to  the  form 
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(VI-JJli) 


G 

Q 


I2A1  •  10  y>1(e2/«iK<W1,81‘6 

The  no-flow  dimension  I**  is  obtained  to  combination  of  equations 
(VI-109),  (VI-85),  (VI-131)  and  (VI-13U).  This  gives 

.  _ »i(9n)°-7lt(e]/e2) _  (TL-13S) 

2Ut.OOO(511)1-1‘8(1ip!/pii)0,7l‘tn)(Kol)0,258(4>)1-81‘6 

Then,  the  volume  of  the  heat  exchanger  core  is  obtained  by  the  product 
of  equations  (VI-131),  (VI-132)  and  ( VI-135) 


vcore  * 


1.88(eil)Q^83(Kol)1»283(w1/iQOO) 

(fil)°*566(  Ap£/Pll)0*283 


(VI-136 


The  ratio  of  the  pressure  drops  on  sides  (2)  and  (1)  is  de¬ 
fined  by  use  of  equation  ( VI-76). 


Ap2/Api  *  (y2/yi)(Ko2/KoiKu§M) 


(VI-137) 


Then,  by  use  of  the  equation  of  continuity  and  the  assumption  that  the 
Erandtl  number  on  side  (2)  equals  the  Prandtl  number  on  side  (1)  so 
that  by  equations  (VI-80)  and  (VI-81) 

Ko2Aol  -  4>(e2/ei)  (VI-138) 

equation  (VI-137)  reduces  to  the  form 

(^/Pi2)/(^/Pii)  -  ( ^il/ ^12 ( ®j>/®l) C^5)^ *7( e2/ el) ( 10 f  l)^  (VI-139) 


Also,  the  resistance  coefficient  K0^  is  defined  by 
Kol  .  3.86(HTU)(e1/emax)(l  +  4>)/c^ 


(Vl-li^O) 


The  final  working  equations  are  (VI-I36),  (VI-139)  and  (VI-'il+0) . 
The  assumed  independent  variables  are  the  effectivenesses  on  sides  (1) 
and  (2),  ei  and  e2,  the  inlet  pressure  and  temperatures  on  sides  (1) 
and  (2)  and  the  permissible  percentage  of  pressure  drop  on  sides  (1)  and 
(2).  From  these  data  the  resistance  ratio  4>  may  be  evaluated  from 
equation  (VI-139),  then  the  resistance  coefficient  K«i  fran  equation 
(VI-liiO)  and  lastly  the  core  volume  frcm  equation  (VX-I36).  For  any 
particular  application  of  this  heat  exchanger  to  a  cooling  System  it  is 
possible,  normally,  by  examining  the  ranges  on  the  variables  involved, 
to  further  simplify  these  equal, ions  so  that  heat  exchanger  volume  may 
be  evaluated  directly  from  a  single  equation* 

The  weight  of  the  heat  exchanger,  including  the  headers,  is  de¬ 
fined  by 
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•  0.0211;  Vjore 

(vi-iUi) 

or,  assuming 

that 

Vj 

- 

(VI-ll£) 

then 

-  0.0171  vj 

(VI-1U3) 

Liquid-to-Air  Heat  Exchanger 

The  liquid-to-air  heat  exchangers  are  considered  to  be  of  the  sin¬ 
gle-pass  crossflow  type.  On  the  air  side  of  the  exchanger,  the  17 .8- 
3/8—R  surface  is  used,  Figure  VI-3.  From  exploratory  calculations,  it 
has  been  found  that  this  type  of  surface  cannot  generally  be  used  on  the 
liquid  side,  because  the  volumetric  flow  rate  ordinarily  encountered  on 
the  liquid  side  is  considerably  smaller  and  it  would  be  necessary  to  em¬ 
ploy  a  very  anall  frontal  area  for  the  liquid  side  to  produce  liquid 
velocities  high  enough  that  the  liquid-film  heat  transfer  coefficients 
may  contribute  in  any  measure  to  the  overall  thermal  conductance  between 
the  two  fluids.  The  resulting  low  frontal  areas  lead  to  very  great  flow 
lengths  on  the  liquid  side,  and  therefore  require  unreasonable  configu¬ 
rations  for  the  heat  exchanger  core.  3h  order  to  avoid  this,  the  liq¬ 
uid-side  surface  is  assumed  to  consist  simply  of  flat  plate  areas,  fur¬ 
nished  by  the  separator,  or  sandwiching  plates  of  the  17.8-3/8-R  sur¬ 
faces.  These  flat  plates  would  be  closely  spaced,  and,  thereby,  furnish 
a  parallel-boundary  channel  through  which  the  liquid  flews  in  laminar 
or  viscous  flow. 

1.  Design  Equations  and  Evaluation  Procedure 

The  heat  transfer  coefficient  for  laminar  flew  of  a  liquid  be¬ 
tween  two  plane  walls  is  given  approximately  (Reference  VI-J?)  by 

hb/k  .  3.75  (VI-1140 

where  b  denotes  the  plate  spacing  in  feet.  This  equation  applies  to 
fully  developed  laminar  flow,  such  as  exists  in  the  case  of  passages  of 
considerable  length  and  small  hydraulic  radius.  Thus,  in  neglecting  the 
entrance  effect,  the  relationship  is  conservative  for  use  in  heat  ex¬ 
changer  design,  since  the  entrance  effect  tends  to  give  larger  average 
values  of  the  heat  transfer  coefficient  than  would  exist  for  fully  de¬ 
veloped  laminar  flow.  Equation  (VI-114;)  will  be  used  in  developing  the 
design  relationships  for  the  liquid-to-air  heat  exchanger.  In  deriving 
the  equations  which  govern  heat  transfer  on  the  air  side  of  the  liquid- 
to-air  exchanger,  it  is  possible  to  use  those  derived  for  the  air-to- 
air  case  with  but  minor  alterations. 

The  entrance  and  exit  loss  allowance  far  the  liquid-to-air  ex¬ 
changer  would  vary  slightly  from  one  design  to  another,  since  the  plate 
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spacing  b  would  vary,  and  thus  cause  variation  of  the  expansion  and  con¬ 
traction  ratios  at  entrance  aid  exit  of  the  care.  Assuming  that  the 
plate  spacing  is  of  the  order  of  0.01*0  inch,  a  suitable  allowance  for 
entrance  and  exit  losses  would  be  defined  by  a  value  of  K  equal  to 
about  0.51*.  Thus,  by  equation  ( VI-80) 


0.51* 


R*r)£/3  I 


(vcp)min 

(wcp)i 


(VI-ll*5) 


and  fraa  equation  (VI-92) 


Kol“°*^" 

r  in 
Tl 

Tq(pc)i" 

m/2 

'(lffKL)1™(360oA2gx778)m/2' 

nsFJ 

.K. , 

.  Wl  . 

^f 

(VI-U*6) 


where  side  (1)  represents  the  air  side  of  the  exchanger.  Then,  by  use 
of  equation  ( VI-85) 


Si 


W1 

*1 


‘q(FC)i 


-1/2 


CK0l) 


1/2 


|_  3600  rhlV2**"778 


(VI-U*7) 


The  heat  transfer  relationships  governing  the  second  side  or 
liquid  side  of  the  exchanger  are  next  derived.  From  the  definition  of 
the  thermal  resistance  ratio  4>  and  equation  ( VI-7 It) 


h2S2  -  (1  +  WHTUKvCp)^  (VI-1U8) 


so  that  by  combining  equatio  ns  (VI-U*1*)  and  (VI-ll*8) 

3.75  KSX  f  S2“| 
b  "  (1  +  ^(MTUKwCp)^  [sTJ 


(VI-U*9) 


The  surface  on  the  air  side  has  5ll*  square  feet  per  cubic  foot  of  space 
between  plates .  The  surface  on  the  liquid  side  has  2/b  square  feet  per 
cubic  foot  of  space  between  the  plates.  Thus,  since  the  air-side  sur¬ 
face  has  a  spacing  of  0.1*13  inch,  the  ratio  of  the  surface  areas 

S2/Si  •  [(2/b)/5H*]  (12b/0.1*13)  •  0.113  (VI-150) 

and  by  equation  (V  1-11*9) 

b  -  0.1*25  k  Si/[(1  +  ^(^(wcpJnin]  (VI-15D 

The  number  of  laminations  in  an  exchanger  of  this  type  will  be  defined 
by 

n  -  Ljrf/Cb  +  0.0397)  (VI-152) 
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since  tbe  spacing  is  0.1&3  inch  and  the  separator  plates  are  0.032  inch 
in  thickness.  Thus,  for  one  lamination,  the  thickness  is 

b  +  (0.103/12)  ♦  (2  x  0.032/12)  •  b  +  0.0397 

Let  lo  denote  the  ratio  of  the  liquid  flow  dimension  to  the  no-flow 
dimension 

13  •  I^Anf  (VI-153) 

Then,  since 

I<2  *  rh2  &2/*2»  (VI-l5h) 

by  combining  this  relationship  with  equations  ( VI-152)  and  (Vl-l50) 
there  results 

L2  -  0.239(  13  S]/L1)°^(b  +  0.0397)°**  (VI-155) 

The  no-flow  dimension  will  be  defined  by  (VI-153)  and  ( VI-155)  for 
any  selected  value  of  the  ratio  Lj. 

The  equation  defining  the  pressure  drop  of  an  incompressible 
fluid  flowing  in  laminar  motin  n  between  parallel  plates  is 

Apg  .  12 /i2  Lg  U2/(3600  g  b2)  (VI-156) 

and  by  use  of  the  continuity  equation 

w2  •  3600  y2  ^2  n  b  h.  (VI-157) 

equation  (VI-156)  becomes 

Apj>  -  (/i2w2  L2)/(1.08  x  106  g  b^  y2n  Iq)  (VI-158) 

2.  Simplified  Evaluation  Procedure 

The  evaluation  procedures  presented  in  the  preceding  sub-section 
may  be  shortened  considerably  by  making  several  simplifying  assumptions 
and  by  assuming  a  specific  transfer  fluid,  is  for  the  liquid-to-liquld 
heat  exchanger,  a  mixture  of  water  and  methyl  alcohol  is  assumed. 

The  simplified  methods  herein  presented  are  believed  to  give 
accurate  values  of  weight  and  volume  within  8  to  10£.  Referring  to 
equation  (VI-lli5),  detailed  computations  have  indicated  that  no  great 
error  will  be  introduced  by  neglecting  the  entrance  and  exit  loss  coef¬ 
ficient  of  0.5U  and  using  an  average  value  for  air  of  3*75  far  the 
parameter 


lOU 
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(VI-159) 


It  is  estimated  that  either  of  these  approximations  would  rarely  intro¬ 
duce  an  error  in  excess  of  %.  Also,  the  parameter  in  equation  (VI-1U6) 
involving  the  pcwer-cooling  ratio  PC  may  be  re-expressed  in  terms  of  the 
fractional  pressure  drop  of  the  air. 


q  PC^/wi  -  35.6  ^(4p£/p£i) 


(VI-160) 


Then,  introducing  equations  (VI-159)  and  (VI-160)  into  (VI-1^6)  yields 

r  -lO.iilUr  0.217 

1*  .  Oonst.(mu)0-”3[a^)/+]°-W3[2i|  kl^J  (VI-163 


Next,  by  assuming  that 


(VI-161) 


and,  because  of  the  small  variation  of  ^  over  the  required  tem¬ 
perature  range,  using  for  it  a  constant  value,  equation  (VI-161)  reduces 
to 

r  -,0.783  rAo-,0.217 

-  o.U6U(nnr)0-783p^]  ( iu)0,llA(@?1)"0-528j|r  (Ti-162) 

By  a  similar  procedure  starting  with  equation  (Vl-lltf)  it  may  be  shown 
that 

S1  -  1.5xlO~3  w1(NTU)1-283p|iJ1,28y ^(  $  Jl)0^66  ^  ^  (VI-I63) 


Using  an  average  value  of  the  coefficient  of  thermal  conductivity  k  far 
the  water-alcohol  transfer  fluid,  equation  (Vl-ll*9)  may  be  reduced  to 

b  -  0.0005(NTU)°*283(l4)0,28y^(4>)1*283(^£L)°^66^  J  (VI-161*) 

Inspection  of  this  equation  reveals  that  a  typical  maximum  value  of  b 
is  about  0.0085  feet.  Further,  a  detailed  study  indicates  that  an  av¬ 
erage  value  for  b  of  about  0.00U  feet  would  rarely  introduce  an  error 
in  excess  of  $%.  Thus,  the'  plate  spacing  b  on  the  liquid  side  is  as¬ 
sumed  equal  to  a  constant  value  of  0.00U  feet. 

Next,  it  is  assumed  that  the  liquid  flow  length  Ig  is  equal  to 
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the  no-flow  dimension  Lnf ,  making  I3  equal  to  unity  and  presenting  a 
square  frontal  area  to  the  air.  Then,  by  equations  (VI-l55)>  (VI-I63) 
and  (71-162)  one  obtains 


2.78  x  i(T3(wi)0*gOmj)0*2*  [(i»c{>)/4>]0*2^(9£i)0-261i 


(VI-165) 


The  volume  of  the  core  is  defined  by 


Li  ^  L„f  •  Li  l| 


(Vi-166) 


since  lo  is  unity.  By  use  of  equations  (VI-162)  and  (VI-165) >  equation 
(VI-166)  becomes 

. ,  ww  h  ^7K-“irv« 


The  only  remaining  difficulty  in  the  use  of  equation  (VI-167)  is  the 
selection  of  the  resistance  ratio  <j>.  An  increase  in  <$>  results  in  de¬ 
creased  weight  and  volume  but  greater  pressure  drop  and  pumping  power. 

A  study  of  the  size  of  this  type  heat  exchanger  as  affected  by  the  re¬ 
sistance  ratio  4>  indicates  that  a  value  in  the  vicinity  of  four  repre¬ 
sents  a  good  balance  between  size  and  flow  resistance.  The  plate  spac¬ 
ing  b  with  this  value  of  4*  would  be  quite  small  and  somewhat  impracti¬ 
cal,  which  indicates  that  in  all  probability  the  exchanger  would  not 
actually  be  constructed  on  the  flat  plate  basis  but  would  use  fairly 
widely  spaced  flat  tubes  far  the  liquid  flow.  This  would  yield  a  rela¬ 
tively  high  value  far  4>  and  allows  the  air  side  to  be  the  principal 
factor  in  defining  the  required  surface  of  the  exchanger.  Thus,  for  <J) 
of  U  the  volume  defined  by  equation  (VI-167)  is  expected  to  be  quite 
representative  of  that  defined  by  detailed  design  procedures.  For  4> 
of  U,  equation  (VI-167)  reduces  to  ^ 

Vcore  .  h  .63xlO"3(HTa)  1  -2  8  Sfvj/ioooy7 j(  s  ?i)0 -566  ^  }  (VI-168) 

which  is  the  final  form  for  the  care  volume  equation.  The  Volume  of 
the  exchanger  is  assumed  to  be  defined  by 


1.30  V, 


(VI-169) 


A  study  of  the  weight  of  the  exchanger,  including  headers  and  the  water- 
alcohol  transfer  fluid  indicates  that 


Wj  m  60  Vcare 
WX  -  0.03U8  Vgare 


(VI-170) 

(VI-171) 
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With  indirect  expendable  cooling  systems  a  heat  exchanger  must 
serve  as  the  intermediate  component  between  the  transfer  and  ultimate 
fluids.  The  heat  received  by  the  ultimate  fluid  is  absorbed  in  the 
process  of  a  change  in  phase.  Thus,  boiling  may  be  assumed  to  occur  on 
the  ultimate  side.  Heat  transfer  occurs  by  forced  convection  between 
the  transfer  fluid  and  the  heat  exchanger  surface.  The  heat  exchanger 
is  assumed  to  be  of  the  shell-and-tube  type  with  the  ultimate  fluid  lo¬ 
cated  outside  the  tubes  and  the  transfer  fluid  flowing  through  the  tubes. 
The  tubes  are  assumed  to  be  standard  aluminum  tubing,  l/k  inch  outside 
diameter  and  0,02*  inch  wall  thickness.  In  order  to  provide  sufficient 
space  for  vapor  rise  between  tube  rows,  a  square  pitch  equal  to  twice 
the  external  tube  diameter  is  employed.  This  arrangement  of  the  tubes 
provides  37.8  square  feet  external  heat  transfer  surface  per  cubic  foot 
of  exchanger  core. 

The  cooling  capacity  of  the  exchanger  is  defined  by 

q  ■  hg  Sju  aTju  (VI-172) 

where  hg  represents  the  heat  transfer  coefficient  on  the  ultimate  side, 
Sju  the  surface  for  heat  transfer  on  the  ultimate  side  of  the  intermedi¬ 
ate  component  and  ATjjj  the  difference  in  temperature  between  the  ulti¬ 
mate-side  surface  and  the  ultimate  fluid.  It  is  assumed -that  the  sur¬ 
face  temperature  is  uniformly  the  same  over  the  entire  external  surface 
of  the  tubes.  For  the  specified  tube  arrangement, 

SjuAcore  “  37.8  sq  ft/cu  ft  (VI-173) 

so 

<lAcore  -  37.ehffATTO  (VI-17li) 

By  this  procedure  the  definition  of  volume  and  weight  for  this  type  ex¬ 
changer  becomes  quite  direct  and  simple.  When  applying  the  exchanger 
to  a  cooling  system  it  is  then  necessary  to  start  from  the  tube  surface 
temperature  and  define  the  forced  convection  heat  transfer  and  flew  re¬ 
sistance  on  the  transfer  side  in  a  manner  identical  to  that  presented 
for  the  equipment  component  in  Section  IV.  The  heat  exchanger  may  be 
adapted  to  any  ultimate  fluid  by  introducing  into  equation  (VI-17U)  the 
appropriate  relationship  far  the  boiling  heat  transfer  coefficient. 

With  water  a3  the  ultimate  fluid,  a  study  of  boiling  heat  transfer 
coefficients  indicates  that  the  following  derived  empirical  relation¬ 
ship  may  be  employed  with  reasonably  good  accuracy. 

%-%<>  •  3(  AT^)1^  [l  +  HVlOO)]  (VI-17*) 

This  expression  attempts  to  account  for  the  variation  of  the  coefficient 
with  pressure,  since  the  temperature  of  the  water  in  °F  is  included  in 
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the  equation.  Introducing  equation  (VI-175)  in  (VI-17U)  yields 

qAcore  •  20.7(aTid/10)2^  [l  +  U(VlOO)]  (VI-176) 

*  V*ore/kw  -  165/ (^3?nj/lO)2 [l  +  Udu/lOO)]  (VI-177) 

The  overall  volume  of  the  exchanger  is  assumed  to  be  defined  by 

Vj  -  1.21  V*ore  (VI-178) 

and  the  weight  of  the  exchanger  for  aluminum  construction  and  water  as 
the  ultimate  and  transfer  fluids  by 

Wx  -  0.0U2  Vj  (VI-179) 


WX  -  0.05  vJore  (VI-180) 

The  physical  characteristics  for  this  type  exchanger  with  other 
fluids  may  be  defined  starting  from  equation  (VI-17U).  Examples  for 
other  fluids  are  presented  in  Section  XIII  dealing  with  expendable  cool¬ 
ing  systems. 
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SECTION  VII 


THE  ULTIMATE  COMPONENT 


The  ultimate  component  of  aircraft  cooling  systems  consists  of  all 
the  physical  components  associated  with  the  supply.,  storage*  discharge 
and  conditioning  of  the  ultimate  fluid  before  and  after  receiving  heat;, 
rejected  by  the  equipment  items*  in  the  equipment  component  of  direct 
systems  and  in  the  intermediate  component  of  indirect  systems.  The  ul¬ 
timate  component  provides  conveyance  of  the  ultimate  fluid  to  and  from 
the  equipment  or  intermediate  components  *  depending  upon  whether  the 
cooling  system  is  direct  or  indirect.  Storage  facilities  for  an  ulti¬ 
mate  fluid  would  be  part  of  the  ultimate  component  in  expendable  cooling 
systems.  Conditioning  equipment  for  the  ultimate  fluid  prior  to  receiv¬ 
ing  heat  rejected  by  the  equipment  items*  such  as  diffusers  for  raising 
the  static  pressure  level  of  the  ultimate  fluid  or  expansion  turbines 
for  lowering  the  total  temperature  level*  are  part  of  the  ultimate  com¬ 
ponent  in  maxy  cooling  systems  utilizing  atmospheric  air  as  the  ultimate 
fluid. 

The  ultimate  component  in  ram  air  cooling  systems  consists  of  the 
air  intake*  which  includes  ary  internal  diffuser*  the  duct  or  ducts  con¬ 
veying  the  air  to  the  intermediate  or  equipment  component*  the  duct  or 
ducts  conveying  the  air  to  the  point  of  discharge  and  the  air  outlet* 
when  provided.  The  flight  performance  penally  imposed  on  the  aircraft 
by  the  ultimate  component  of  ram  air  cooling  systems  is  the  result  of 
the  weight  of  the  ducts*  inlets  and  outlets  and  the  momentum  and  exter¬ 
nal  drags  introduced  by  the  atmospheric  air  being  taken  on  board  and 
subsequently  ejected.  The  momentum  drag*  which  may  be  thrust  for  some 
operational  conditions  of  the  aircraft  and  cooling  system*  represents 
the  net  propulsive  force  of  the  influx  and  outflux  of  momentum  of  the 
atmospheric  air.  k  flight  velocity  greater  than  the  final  relative  ve¬ 
locity  of  the  air  issuing  from  the  outlet  of  the  system  represents  a 
momentum  drag*  since  the  aircraft  must  expend  a  greater  propulsive  force 
in  taking  the  air  on  board  than  is  derived  by  the  aircraft  from  the  air 
ejection  process.  If  the  momentum  of  the  cooling  air  stream  is  in¬ 
creased  from  inlet  to  exit  of  the  ultimate  component*  a  negative  momen¬ 
tum  drag  or  thrust  is  derived  by  the  aircraft.  The  external  drag  of 
the  ultimate  component  represents  the  increased  parasitic  drag  of  the 
aircraft  because  of  sldn  protuberances*  such  as  air  intakes  and  outlets. 
The  air  intake  for  ram  air  cooling  systems  migfct  be  of  the  leading-edge* 
the  fully-protruding  or  scoop  type*  semi-protruding*  flush*  or  might  be 
designed  in  some  instances  to  handle  only  low-energy  boundary-layer  air. 
The  type  of  intake  which  would  be  utilized  for  a  ram  air  cooling  system 
depends  upon  many  aerodynamic  and  general  design  factors  of  the  aircraft 
and  cannot,  therefore*  be  fully  prescribed  by  considerations  of  the 
cooling  system  design  alone.  There  are*  however*  several  compromise  de¬ 
sign  features  of  the  ultimate  component  which  can  be  studied  from  the 
standpoint  of  optimum  ram  air  cooling  system  design.  In  general,  in¬ 
creasing  the  pressure  recovery  characteristics  of  ram  intakes  results 
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in  increased  external  drag  and  quite  often  greater  momentum  drag*  The 
additional  pressure  recovery  could  be  employed  to  reduce  the  tise  of  the 
internal  air  ducts  in  the  ultimate  component,  or  to  reduce  the  site  of 
the  intermediate  component,  or  to  permit  an  increase  in  the  effective¬ 
ness  of  heat  exchange  of  the  intermediate  or  equipment  components  so  as 
to  reduce  the  flow  rate  of  ultimate  air  required,  or  to  change  simul¬ 
taneously  several  of  these  system  design  features*  Once  the  performance 
and  physical  characteristics  of  the  various  parts  of  the  ultimate  compo¬ 
nent  are  defined,  it  is  generally  possible  to  study  the  effects  of  corn- 
premise  in  design  of  the  ultimate  component  on  the  overall  performance 
and  physical  characteristics  of  the  entire  cooling  system. 

The  ultimate  component  of  the  expanded  ram  air  cooling  system  con¬ 
sists  of  the  same  general  components  as  for  the  ram  air  cooling  systems 
with  the  addition  of  an  expansion  turbine,  its  loading  device  and  any 
precooling  heat  exchanger  which  might  be  employed.  Since,  in  general, 

flight  performance  penally  Introduced  by  cooling  systems  of  this 
type  is  appreciable  and  the  expansion  in  the  turbine  depends  upon  the 
degree  of  intake  diffusion,  it  is  desirable  to  employ  air  intakes  having 
fairly  good  pressure  recovery  characteristics,  in  with  the  ram  air  sys¬ 
tems,  compromise  in  the  design  of  the  ultimate  component,  such  as  the 
size  versus  pressure  loss  of  ducting,  or  the  amount  of  total  temperature 
reduction  in  the  turbine  versus  the  pressure  level  at  exit  of  the  tur¬ 
bine,  must  be  studied  in  relation  to  the  overall  performance  and  physi¬ 
cal  characteristics  of  the  entire  cooling  syetem  in  order  to  determine 
optimum  design  conditions. 

The  ultimate  component  in  bleed  air  cooling  systems  consists  of  mil 
bleed  air  ducts,  ram  air  ducts,  the  expansion  turbine  and  its  loading 
device  and  any  precooling  heat  exchangers .  The  physical  components  of 
the  aircraft’s  powerplants  are  not  included  as  parts  of  the  ultimate 
component,  since  the  penalty  of  bleeding  air  from  the  powerplants  as  a 
required  increase  in  fuel  flow  is  charged  to  the  ultimate  component*  For 
the  type  of  bleed  air  cooling  system  considered  in  this  study,  the  ulti¬ 
mate  component  consists  of  the  bleed  air  duct  from  the  point  of  bleed  on 
the  powerplant  to  the  precooling  heat  exchanger,  the  precooling  heat  ex¬ 
changer,  the  turbine,  its  loading  device  which  is  a  compressor,  the  ram 
air  intake,  the  ram  air  ducts  from  intake,  through  the  precooler,  through 
the  compressor  and  to  the  ram  air  outlet,  and  ary  ducts  conveying  bleed 
air  to  and  from,  the  intermediate  or  equipment  components.  The  penalty 
due  to  the  ultimate  component  in  bleed  air  cooling  systems  rsprsssnts  a 
very  large  percentage  of  the  entire  cooling  system  penalty.  Consequent¬ 
ly,  the  physical  characteristics  and  performance  of  the  different  parts 
must  be  defined  to  permit  evaluation  of  optimum  system  design. 

The  ultimate  component  for  cooling  systems  relying  on  blowers  as 
the  source  of  air  flow  consists  of  the  blowers,  their  driving  devices, 
the  power  supply  system  within  the  aircraft  serving  the  driving  devices, 
air  ducts  to  and  firom  the  blowers  and  intermediate  or  equipment  compo¬ 
nents  and  any  air  intakes  and  outlets.  The  increased  fuel  flow  to  the 
powerplants  necessary  to  supply  power  to  the  power  supply  system  for 
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driving  the  blowers  must  be  charged  as  part  of  the  overall  penalty  Im¬ 
posed  on  the  aircraft  by  the  ultimate  component*  External  and  momentum 
drags  may  also  occur,  depending  upon  the  source  of  the  cooling  air.  When 
blowers  are  used  for  cooling  in  compartments  having  a  natural  ventila¬ 
tion  rate  greater  than  the  cooling  air  rate  required,  air  intakes  and 
outlets  for  the  cooling  air  need  not  be  provided  and  external  and  momen¬ 
tum  drags  associated  with  the  natural  ventilation  should  not  be  charged 
to  the  cooling  system.  With  compartments  haring  ho  natural  ventilation, 
air  intakes  and  outlets  must  be  provided  and  any  momentum  and  external 
drags  so  introduced  must  be  included. 

With  fuel  cooling  systems  the  ultimate  component  is  of  minor  im¬ 
portance  in  terms  of  aircraft  penalty  due  to  weight  and  power  require¬ 
ments  .  The  ultimate  component  probably  would  consist  of  a  few  relative¬ 
ly  short  fuel  by-pass  lines  leading  to  and  from  the  intermediate  compo¬ 
nent,  where  the  Intermediate  component  would  be  expected  to  be  located 
relatively  close  to  a  main  fuel  line.  Other  than  the  weight  of  these 
lines  and  any  associated  flow  control  equipment,  the  penally  on  the  air¬ 
craft  would  only  be  due  to  the  pimping  power  required  to  transfer  the 
fuel  through  the  lines. 

The  ultimate  fluid  in  expendable  cooling  systems  is  the  expendable 
fluid  used  as  the  thermal  sink  and  must,  therefore,  be  stored  within  the 
aircraft.  The  ultimate  component  consists  of  the  storage  facilities  and 
aiy  associated  control  equipment,  the  How  lines,  if  azy,  for  transfer¬ 
ring  the  fluid  to  the  intermediate  or  equipment  components  and  the  physi¬ 
cal  facilities  for  rejecting  the  ultimate  fluid  from  the  aircraft.  In 
general,  the  penally  of  the  ultimate  component  is  a  relatively'  small 
portion  of  overall  penalty  of  the  entire  cooling  system;  including,  of 
course,  the  weight  of  the  ultimate  fluid. 

The  ultimate  fluid  in  vapor  cycle  refrigeration  systems  is  atmos¬ 
pheric  air,  taken  on  board  the  aircraft  through  an  air  intake,  delivered 
by  ducting  to  the  condenser  of  the  refrigeration  machine,  the  refrigera¬ 
tion  machine  being  a  part  of  the  intermediate  component,  and  then  being 
delivered  by  ducting  to  an  air  outlet.  Thus,  the  ultimate  component  for 
vapor  cycle  systems  is  physically  equivalent  in  all  respects  to  the  ul¬ 
timate  component  in  ram  air  cooling  systems. 

In  summary,  the  physical  parts  of  the  ultimate  ecmponent  in  the 
various  types  of  cooling  systems  are  air  intakes,  air  outlets,  ducting, 
blowers,  compressors,  turbines,  heat  exchangers  and  power  supply  sys¬ 
tems.  The  heat  exchangers  in  ultimate  components  are  pre coolers  located 
in  the  flow  circuit  ahead  of  the  intermediate  or  equipment  component  and 
have  physical  characteristics  essentially  the  same  as  the  comparable 
type  of  intermediate  component.  For  this  reason,  the  physical  charac¬ 
teristics  of  heat  exchangers  used  in  the  ultimate  component  have  been 
presented  in  Section  VI.  The  physical  characteristics  of  the  power  sup¬ 
ply  system  have  been  presented  in  Section  V  and  the  penalties  chargeable 
to  air  bleed  and  shaft  power  extraction  from  the  aircraft's  powerplauts 
in  Section  III.  The  following  material  presents  the  fluid  dynamics* 
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thermodynamics  and  the  physical  characteristics  of  ducting,  air  intakes, 
outlets,  blowers,  compressors  and  turbines  as  used  as  a  basis  for  evalu¬ 
ating  the  performance  and  physical  characteristics  of  the  ultimate  com¬ 
ponent  in  aircraft  cooling  systems. 


Nomenclature 

Symbol  Concept  Dimensions 


a 

A 

b 


d 

nr 

f 

7 

g 

H 

J 

k 


L 

M 

n 

N 

P 

P 

R 

Re 

sg 

T 

u 

U 

y 

V 

v 

¥ 

y 

P 

r 

r 

s 


e 

T) 


relocity  of  sound 
flow  area 

ratio  of  Impeller  width  to  diameter 

specific  heat  at  constant  pressure 

constant 

diameter 

drag 

Darcy  friction  factor 
correction  factor 
dimensional  constant 
head  of  fluid 

mechanical  equivalent  of  heat 
ratio  of  specific  heat  at  constant 
pressure  to  specific  heat  at 
constant  volume 
length 
Mach  number 
rotational  speed 
number  of  stages 
pressure 
power 

gas  constant 
Reynolds  number 
specific  gravity 
temperature 
absolute  velocity 
relative  velocity 
volume  rate  of  flow 
volume 

fluid  flew  rate 
weight 

distance  measured  normal  to  a 
surface 

Mach  number  parameter 
1  +  [(k-l)/2]  I? 
specific  weight 
angle 

ratio  of  absolute  pressure  of  fluid 
to  standard  sea  level  pressure 
(21l£  pounds  per  square  foot) 
absolute  roughness 
component  efficiency 


feet  per  second 
square  feet 
dimensionless 
Btu  per  pounds0!? 

feet 

pounds 

dimensionless 
dimensionless 
32.2  pounds  per  slog 
feet 

foot  pounds  per  Btu 
dimensionless 


feet 

dimensionless  , 
revolutions  per  minute 

pounds  per  square  foot,aba. 

Btu  per  hour 

feet  per  °R 

dimensionless 

dimensionless 

°R 

feet  per  second 

feet  per  second 

cubic  feet  per  minute 

cubic  feet 

pounds  per  hour 

pounds 

feet 

dimensionless 

pounds  per  cubic  foot 

degrees 

dimensionless 


feet 

dimensionless 


U3 
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Symbol  Concept 

q  ratio  of  absolute  temperature  to 
standard  sea  level  absolute 
temperature  (£19°R) 

X  diameter  ratio 

fi  absolute  viscosity 

v  hub-to-tip  diameter  ratio 

<r  ratio  of  air  density  to  standard 

air  density  at  sea  level 
(OoO?65  Ib/cu  ft) 

(p  flow  coefficient 

4>  ratio  of  turbine  tip  speed  to 

spouting  velocity 
X  power  coefficient 

y  pressure  coefficient 

Subscript  Refers  to 


a  axial  component  of  velocity 

A  axial  unit 

B  blower 

bl  boundary  layer 

C  compressor 

d  diameter 

D  distribution  component 

df  diffuser 

e  exit 

ex  external 

i  inlet 

X  impeller 

mh  mechanical 

mom  momentum 

n  nozzle 

pi  pitch  section 

r  radial  unit 

Re  Reynolds  number 

ref  reference  value 

rt  root  section 

sh  shaft 

st  stage 

tp  tip  section 

vh  whirl  canponent 

t\  efficiency 

X  diameter  ratio 

r  turbine 

00  free  stream  conditions 


Dimensions 

dimensionless 


dimensionless 
pound— seconds  per  square 
foot 

dimensionless 

dimensionless 


dimensionless 

dimensionless 

dimensionless 

dimensionless 
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Superscript 


Refers  to 


o  total  or  stagnation  conditions 

'  power  in  horsepower 

*  dimension  of  inches 

Ducting 

Ducts  transporting  air  at  low  pressure  would  probably  be  of  light¬ 
weight  metal  ducting  or  fabric  ducting  in  combination  with  flexible  cor¬ 
rugated  sections  for  bends 5  elbows ,  expansion  and  flexing  joints ,  when¬ 
ever  an  absolutely  leak-proof  flow  system  is  not  required.  The  internal 
pressure  range  applicable  for  these  types  of  low-pressure  ducting  would 
be  from  less  than  1  to  about  75  pounds  per  square  inch.  Straight  runs 
of  low-pressure  metal  ducting  would  probably  be  of  the  thin-^wall  stain¬ 
less  steel  type$  having  single-ply  construction  and  annular  corrugations 
in  the  duet  wall  for  purposes  of  reinforcement  which  are  spaced  at  a 
distance  roughly  equal  to  the  duct  diameter.  Wall  thickness  of  this 
type  ducting  may  be  fran  0.005  to  above  0.010  inch.  Internal  pressures 
up  to  30  or  i|0  pounds  per  square  inch  are  permitted  with  duct  diameters 
greater  than  about  3  inches.,  and  up  to  60  to  60  pounds  per  square  inch 
for  ducts  of  smaller  diameter.  Two-ply  construction  permits  doubling  of 
the  allowable  internal  pressure.  The  external  diameter  of  this  type 
ducting  is  defined  as  the  outer  diameter  of  the  corrugations  and  is  re¬ 
lated  to  the  Internal  diameter  of  the  duct  by 

dex  ■  0*1  +  1*12  dj  (VH-1) 

The  external  diameter  of  the  duct  wall  proper  is  from  0.01  to  0.02  inch 
greater  than  the  Internal  diameter.  The  volume  occupied  by  the  ducting., 
expressed  in  cubic  Inches  per  foot;  is  defined  on  the  basis  of  the  ex¬ 
ternal  diameter  of  the  corrugations  and  is  expressed  by 

v"/L  -  2.1  dj(l  +  5.6  dj.)  (VII-2) 

Weight  of  this  thin-walled  stainless  ducting  expressed  in  pounds  per 
foot  is  defined  by  the  equation 

W/L  -  0.058  (dj)1,1*  (VXI-3) 

Elbows,  bends  and  flexure  and  aligment  connections  for  this  type 
of  metal  ducting  would  be  of  construction  similar  to  that  for  the 
straight-run  ducting,  except  for  the  annular  corrugations  which  have  a 
spacing  of  6  to  7  per  lineal  inch.  External  diameter  and  volume  for 
this  part  of  the  ducting  would  be  defined  by  equations  (VII-1)  and 
(vn-2).  Weight  would  be  evaluated  by  equation  (VH-3)  multiplied  by  a 
factor  of  l.U. 

Fabric  ducting,  of  which  ducts  made  of  commercially  available  rub¬ 
ber-impregnated  fiberglass  cloth  are  typical,  might  be  used  with  certain 
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system s  far  transportation  of  air  at  relatively  low  pressures.  Straight 
runs  of  the  ducting  probably  would  be  of  semi-rigid  construction  with 
convolutions  spaced  at  intervals  along  the  duct  for  added  rigidity.  Per¬ 
missible  internal  pressure  may  be  as  high  as  1$  pounds  per  square  inch, 
but  ordinarily  the  ducting  would  be  employed  for  internal  pressures  of 
5  pounds  per  square  inch  and  less .  Wall  thickness  would  be  in  the  range 
0.035  to  0.0b  inch  far  duct  internal  diameters  up  to  6  inches.  The  ex¬ 
ternal  diameter  of  the  convolutions  varies  with  the  duct  internal  diame¬ 
ter  approximately  as 

d^j  «  0.2  +  1.1  (vn-k) 

The  volume  occupied  by  the  ducting  is  expressed  by 

V"/L  -  it. 25  dj(l  +  2.7  dj)  ( VII-5) 

Weight  of  this  type  ducting  for  low  pressures  is  expressed  by 

W/L  -  0.075  d£  (VII-6) 

and  for  pressures  of  about  15  pounds  per  square  inch  by 

W/L  -  0.09  d"  (VH-7) 

These  equations  have  been  derived  from  data  giving  physical  characteris¬ 
tics  of  commercially  available  ducting.  Elbows,  bends  and  flexure  and 
alignment  connections  would  be  of  the  fully  convoluted  type  having  wire- 
supported  construction.  External  diameters  and  volunes  would  be  defined 
by  equations  (VII-10  and  (VII-5).  Weight  would  be  evaluated  by  equation 
(VII-7)  multiplied  by  a  factor  of  1.5*  Leakage  rates  typical  of  straight- 
run  fabric  ducting  are  expressed  by  the  equation 

v/L  -  0.001  p"  &l  (YU-8) 

where  v  defines  the  leakage  rate  expressed  in  cubic  feet  per  minute.  Far 
fabric  ducting  employed  In  elbows,  bends,  etc.,  as  described  in  the  pre¬ 
vious  paragraphs,  the  leakage  rate  averages  about  U  times  that  given  by 
equation  (VII-8). 

For  low-pressure  metal  ducting  which  is  not  corrugated,  the  Darcy 
friction  factor  used  in  evaluating  flow  resistance  may  be  defined  by  the 
relationship 

f  -  0.18 A®0, 2  (VII-9) 

where  the  Reynolds  number  Re  is  defined  by 

Re  ■  yu  dj/g  (VII-10) 

The  friction  factor  defined  by  equation  (YU-9 )  would  be  increased  by 


v 
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about  one-third  when  the  duct  has  corrugations  which  are  spaced  at  dis¬ 
tances  approximately  equal  to  the  duct  diameter.  The  frictional  charac¬ 
teristics  of  low-pressure  fabric  ducting  of  the  f ully-c onvoluted  type 
have  been  studied  using  manufacturers'  data.  Results  of  this  study  are 
shown  in  Figure  VH-1,  where  the  Darcy  friction  factor  is  plotted  as  a 
function  of  the  Reynolds  number.  The  results  are  based  on  three  series 
of  tests  on  tubing  of  similar  physical  characteristics ,  with  flow  being 
well  within  the  turbulent  region  for  all  testa.  The  friction  factor  is 


Figure  VII-1.  Friction 
factor  of  fully  convoluted 
low  pressure  fabric  ducting. 


compared  with  friction  factors  as  defined  by  various  values  of  the  rela¬ 
tive  roughness  on  the  Moody  chart.  This  comparison  indicates  that  the 
equivalent  relative  roughness  for  the  fully  convoluted  fabric  ducting  is 
in  the  range  of  0.01  to  0.03.  For  evaluation  of  the  physical  character¬ 
istics  of  cooling  systems  employing  this  type  of  ducting,  the  use  of  a 
friction  factor  of  about  0.0J>  to  0.06  for  all  conditions  of  flow  within 
the  turbulent  region  appears  reasonable.  Test  data  on  flow  resistance 
of  bends  for  this  type  of  ducting  indicate  that  for  the  ratio  of  the 
radius  of  curvature  of  the  bend  to  the  diameter  of  the  ducting  within 
the  range  of  3  to  6,  the  flow  resistance  of  an  equivalent  length  of 
straight  ducting  multiplied  by  a  factor  of  about  11  yields  a  good  aver¬ 
age  value  for  the  flow  resistance  of  the  bend.  Thus,  the  equivalent 
Darcy  friction  factor  would  be  about  0.60. 

In  many  instances  far  internal  ducting  in  the  ultimate  component  it 
is  convenient  and  practical  to  evaluate  the  loss  in  total  pressure  of 
the  air  because  of  the  flow  resistance  by  the  incompressible-flow  rela¬ 
tionship 

ApO  .  (fl/d)(yu2/2g)  (VII-11) 

which  may  be  rearranged  to  the  form 

APo/Pi  .  (fVd)(kk|/2)  (VH-12) 
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where  Mi  represents  the  Uaeh  number  of  flow  at  inlet  to  the  duct*  Using 
k  for  air  equal  to  1.1*  and  solving  equation  (VH-12)  for  the  Mach  ntanber 
yields 

Mi  -  2.9(d/fL)0^(^>o/Pij0<5  (VII-13) 

The  equation  of  continuity 
w  »  3600  y  u  A 

for  flow  through  the  duct  may  be  rearranged,  assuming  air, to  the  form 

w  l  m  1671*  Mi  d”2  (VII-H*) 

by  assuming  that  the  inlet  Mach  number  of  flow  never  exceeds  about  0.20. 
By  combining  equations  (VII-13)  and  (VII-ll*)  and  solving  for  the  duct  ‘ 
diameter,  one  obtains 

d»  -  o.o?82(fL)°*2(v  “  (p|/p£)]°*2  (VH-15) 

This  relationship  permits  evaluation  of  the  required  duct  size  for  ary 
selected  flow  rate,  temperature  and  pressure  of  the  air.,  duct  length, 
permissible  pressure  loss  and  overall  equivalent  friction  factor  for  the 
duct  run.  By  introducing  into  equation  (VII-15)  a  typical  average  value 
for  the  friction  factor  f  of  0.02, 

d«  -  0.036(L)°*2(w-/«|/f£)0#Y[l (pO/pf)]0*2  (VlI-16) 

and  defines  the  relationship  which  has  been  used  quite  frequently  for 
evaluating  required  duct  size.  When  the  flow  Mach  numbers  are  found  to 
be  in  the  vicinity  Of  0.20  and  above,  an  equation  relating  total  pres¬ 
sure  loss  to  the  duct  length,  diameter  and  friction  factor  is  used  in 
place  of  the  incompressible  relationship  defined  by  equation  (VII-11). 

Air  Intakes 

Mary  cooling  systems,  whether  centralized  or  individualized,  uti¬ 
lize  atmospheric  air  for  the  ultimate  heat  sink.  Atmospheric  air  would 
be  taken  aboard  an  aircraft  through  an  intake  which  may  be  one  of  four 
general  types*  (1)  leading-edge,  (2)  scoop,  (3)  skin,  (1*)  internal. 
Leading-edge  intakes  normally  have  the  best  pressure  recovery  character¬ 
istics  because  of  the  absence  of  boundary  layer  flow  ahead  of  the  en¬ 
trance  section  of  the  intake,  but  they  cannot  always  be  employed,  since 
in  many  instances  leading  edge  surfaces  are  not  available  in  the  general 
vicinity  of  the  equipments  to  be  cooled,  or  aerodynamic  considerations 
of  the  aircraft  in  general  would  preclude  their  use.  Scoop  intakes  are 
inlets  located  on  a  surface  of  an  aircraft  which  protrude  outwardly  from 
the  surface  into  an  airstream  flowing  parallel  to  the  aircraft's  surface. 
The  protuberance  of  the  intake  generally  serves  to  define  whether  the  in¬ 
take  is  handling  principally  free- stream  or  boundary-layer  flow.  Pressure 
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recovery  and  flew  capacity  characteristics  depend  greatly  upon  the  rela¬ 
tive  amount  of  boundary  layer  flew  handled  by  the  intake.  Well-designed 
scoop  intakes  handling  essentially  free-stream  flow  provide  ram  pressure 
recovery  nearly  as  good  as  for  leading-edge  intakes,  but  with  higher 
overall  drag  Imposed  on  the  aircraft.  Intakes  of  small  relative  pro¬ 
tuberance  have  inferior  pressure  recovery  characteristics  due  to  the 
handling  of  low-energy  boundary  layer  flow,  but  aid  in  reducing  the 
overall  drag  -imposed  on  the  aircraft  for  any  required  flow  rate  of  cool¬ 
ing  air. 

Skin  intakes  are  flush  openings  in  the  aircraft’s  skin,  and  may  be 
arranged  to  provide  inflow  of  air  in  any  direction  from  tangential  to 
normal  entry.  External  drag  of  this  type  intake  generally  is  low  in 
comparison  with  the  scoop- type  intake.  Pressure  recovery  and  flow  char¬ 
acteristics  far  skin  intakes  having  tangential  entry  can  be  as  good  as 
with  well-designed  scoop  intakes,  but  must  operate  in  a  region  of  thin 
boundary  layer,  or  in  conjunction  with  boundary  layer  bleed.  Skin  in¬ 
takes  in  supersonic  flow  are  generally  believed  to  be  inferior  to.  scoops 
intakes.  Internal  intakes  are  principally  openings  or  scoops  located 
in  the  main  air  ducts  supplying  ram  air  to  the  aircraft's  powerplants. 
Pressure  recovery  would  be  high  since  the  powerplants  require  well-de¬ 
signed  air  inlets.  The  use  of  an  inlet  of  this  type  has  the  basic  dis¬ 
advantage  that  equipments  to  be  cooled  are  commonly  located  quite  remote 
to  the  powerplants  and  air  ducts  of  considerable  length  may  be  required 
to  transfer  the  cooling  air  to  equipment  or  intermediate  components  of 
cooling  systems. 

1.  Pressure  Recovery  and  Flow  Capacity  of  Leading-Edge  Intakes 

A  leading-edge  intake  is  illustrated  schematically  in  Figure 
VII-2 ,  with  station  (oo)  defining  the  undisturbed  free-stream  state  of 
the  air,  station  (1)  the  state  at  entrance  to  the  diffuser  and  station 
(e)  the  state  at  exit  of  the  diffuser  and  entrance  to  the  distribution 
component.  Free-stream  diffusion  occurs  ahead  of  the  diffuser.  For 
subsonic  flight  speeds  it  may  be  considered  to  occur  isentropically. 
Within  the  diffuser,  the  stream  is  diffused  to  the  maximum  permissible 
flow  velocity  at  the  exit  of  the  diffuser.  The  diffuser  is  assumed  to 


Figure  VII-2.  Schematic 
of  a  leading-edge  air 
intake. 
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be  conical.  The  rate  of  variation  of  its  or oe e-sectional  flow  area  is 
defined  by  the  total  Included  angle  r  .  Within  the  supers  onic  flight 
Mach  number  range  considered  in  this  study,  i.e.,  1.0  to  1.8,  the  dif¬ 
fuser  is  assumed  to  operate  subsonieally  at  all  times,  so  that  a  bow 
wave  would  be  formed  ahead  of  the  inlet  section,  thus  permitting  spill¬ 
age  of  the  free-stream  air  over  the  leading  edge  of  the  inlet.  The  bow 
wave  is  assuned  to  possess  the  characteristics  of  a  normal  shock  within 
the  flow  region  defined  by  the  inlet  area  of  the  diffuser.  The  selec¬ 
tion  of  the  diffuser  with  external  normal  shock  for  supersonic  flight 
speeds  is  based  on  a  general  study  of  supersonic  diffusers  applicable 
to  the  flight  Mach  number  range  from  unity  to  1.8.  This  type  of  super¬ 
sonic  intake  is  generally  considered  superior  to  the  full-flow  oblique- 
wave  diffusers  for  flight  Mach  numbers  less  than  1.5.  For  this  study, 
the  preference  for  the  normal-shock  diffuser  is  assumed  to  extend  to  the 
maximum  Mach  number  of  1.8  for  the  purpose  of  simplifying  evaluation 
procedures.  The  perfoxmance  of  an  exbernal-normal-shoek  diffuser  at  a 
flight  Mach  number  of  1.8  apparently  does  not  differ  significantly  from 
that  of  an  oblique-wave  diffusion  system. 

A  review  of  existing  methods  of  design  for  subsonio  leading- 
edge  Intakes  indicates  that  a  well-proportioned  intake  operates  in  level 
flight  with  a  diffuser  inlet  velocity  u^_j[  of  approximately  70%  of  the 
flight  velocity.  Reduction  of  the  design  inlet  velocity  has  the  advan¬ 
tages  of  increasing  the  overall  efficiency  of  diffusion  and  reducing  the 
spatial  requirements  of  the  diffuser  proper.  It  has  the  disadvantages 
of  increasing  the  frontal  area  and,  correspondingly,  the  external  drag 
attributable  to  the  intake.  An  inlet  velocity  of  70%  of  the  flight  ve¬ 
locity  tends  to  emphasize  minimization  of  external  drag  and  of  leading- 
edge  surface  required  for  the  intake  opening.  The  minor  penalties  of 
lowered  overall  efficiency  of  diffusion  and  greater  spatial  requirements 
are  justifiable  for  most  cooling  systems,  slnoe  the  absolute  size  of  in¬ 
takes  far  cooling  systems  would  normally  be  relatively  Small.  On  this 
basis,  for  subsonic  flight  Mach  numbers, 

1  +  0.102  m2  (VII-17) 


(1  +  0.102  m2j)3»^  (VII-18) 

The  pressure  recovery  of  the  diffuser  proper  is  defined  by  the  diffuser 
efficiency  and  the  flow  conditions  at  entrance  to  the  diffuser.  The  re¬ 
lation  between  pressure  recovery  and  diffuser  efficiency  is  defined  by 

^df  *  (Pdf-e  "  Pdf-i^pdf-l  “  Pdf-i)  (VII-19 ) 

This,  combined  with  the  relationship 

Poo/Poo  ■  PSf-i/Poo  ■  (1  +  0.2  1&)3.*  (VII-20) 


Tdf— i^oo  * 
and 

Pdf-i/Poo  ■ 


i  J 


yields 
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(vn-2i) 


Pc[f-e 

Pco 


(1  +  0.102  M|,) 


For  known  values  of  the  diffuser  efficiency  and  flight  Mach  ntatoer,  the 
total  pressure  of  the  air  at  exit  of  the  diffuser  is  defined  in  terms  of 
the  atmospheric  pressure  by  equation  ( VII-21) . 


The  efficiency  of  the  diffuser  is  a  function  of  the  re¬ 
quired  area  change  and  the  included  angle  of  the  Conical  section.  The 
required  area  change  frcm  inlet  to  exit  of  the  diffuser  depends  upon  the 
permissible  flow  velocity  at  entrance  to  the  ducting..  Increasing  the 
flow  velocity  at  exit  of  the  diffuser  increases  the  efficiency  of  the 
diffuser  and,  correspondingly,  the  pressure  recovery,  but  would  also  in¬ 
crease  the  pressure  loss  in  the  ducting.  Hence,  the  exit  velocity  of 
the  diffuser  must  remain  as  an  independent  variable  of  analysis.  Any 
selected  value  must  be  based  upon  a  compromise  indicated  by  the  results 
of  a  design  study  of  the  entire  cooling  system.  The  included  angle  of 
the  diffuser  Tdf  normally  would  be  within  the  range  from  8°  to  roughly 
2^°.  A  reduction  in  the  spatial  requirements  of  the  diffuser  would  be 
obtained  by  increasing  the  included  angle,  which,  however,  would  reduce 
the  efficiency  and  pressure  recovery.  Included  angles  in  the  range  from 
10°  to  15>°  would  be  considered  as  the  most  likely  design  values  for  air¬ 
craft  cooling  systems. 


Based  on  a  study  of  subsonic  diffusers  to  determine  the  inter¬ 
relation  of  included  angle  and  'area  change  with  diffuser  efficiency,  the 
following  empirical  equation  is  proposed  to  correlate  the  efficiency  with 
fairly  good  accuracy  far  a  range  of  included  angles  frcm  J>°  to  about  3£>° 
and  area  ratios  up  to  roughly  10. 


^  -  1  -  o.oiwr^  )le33< 


/*df-e 

•*df~i 


-VI& 


+  1 


( VII-22) 


The  area  ratio  of  the  diffuser  Adf-o/Adf-i  may  be  defined  by  application 
of  the  equation  of  continuity  from  inlet  to  exit  of  the  diffuser,  i.e.. 


(tfAu)df-i  *  (YAuW-e  (711-23) 

which  may  be  rearranged  to  yield 

*df— .  o.7iy:;L+ o.ioagj2^(i.  o.agj°-5(i  *o.2n|f_6)3 

*dt-l  ’  Mdf-o(P3f_e/P00)  ' 


The  required  area  ratio  of  the  diffuser  is  a  function  of  the  selected 
permissible  flow  Mach  number  at  the  diffuser  exit. 

Equations  (VII-21),  (VII-22)  and  (VII-2li)  define  the  basic  re¬ 
lationships  for  evaluation  of  pressure  recovery  and  area  ratio  for  lead- 
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ing-edge  Intakes  in  the  subsonic  fligvt  region.  For  evaluation  of  pres¬ 
sure  recovery,  a  tr ial-and-err or  solution  is  required.  In  general,  the 
procedure  would  be  to  assume  a  value  for  the  diffuser  efficiency,  calcu¬ 
late  the  recovery  pressure  ratio  by  equation  (VII-21),  then  the  required 
area  ratio  by  equation  (VII-2U),  and  lastly  evaluate  the  diffuser  effi¬ 
ciency  by  equation  (VII-22)  to  check  the  accuracy  of  the  initially  as¬ 
sumed  value. 

The  inlet  area  of  the  diffuser  required  for  taking  aboard  the 
aircraft  air  at  a  specified  rate  may  be  evaluated  by  application  of  the 
equation  of  continuity  to  the  inlet  section.  In  order  to  account  for 
boundary  layer  effects,  the  actual  flow  capacity  of  the  opening  is  as¬ 
sumed  to  be  of  that  evaluated  on  the  basis  of  one-dimensional  flow. 
The  resulting  expression  is 

wdf  T^CSooAdf-i)  “  ^20  MooO-  +  °»102  1&)2-*  (vn-25) 

For  the  subsonic  flight  Mach  number  range  of  0.6  to  1.0  the  re¬ 
quired  area  ratio  of  the  diffuser  is  defined  quite  accurately  by 
0.56  Thus,  the  required  area  ratios  would  normally  be 

within  the  range  of  about  2  to  5.  Typical  ratios  of  diffuser  length  to 
inlet  diameter  are  in  the  range  1.5  to  5,  and  have  approximately  the 
same  magnitude  as  the  required  area  ratio.  The  volume  of  a  diffuser 
having  an  area  ratio  of  5,  corresponding  to  an  exit  Mach  number  of  about 
0.10,  is  roughly  twice  that  of  a  diffuser  having  an  area  ratio  of  2, 
which  corresponds  to  an  exit  Mach  number  of  about  0.25.  The  volume  var¬ 
ies  rougily  in  direct  proportion  with  the  corrected  air  rate  raised  to 
the  1.5-power.  Thus,  far  example,  at  an  altitude  of  60,000  feet,  the 
diffuser  volume  would  be  about  U5  times  that  for  standard  sea  level  at¬ 
mospheric  conditions. 


Within  the  supersonic  flight  range,  a  normal  shockwave  is  as¬ 
sumed  to  exist  ahead  of  the  diffuser  inlet.  The  Mach  number  at  entrance 
to  the  diffuser  is  assumed  equal  to  the  Mach  number  downstream  of  the 
normal  shock,  so  as  to  prevent  ary  expansion  cr  reccmpression  of  the 
stream  between  the  standing  wave  and  the  diffuser  entrance.  On  this  ba¬ 
sis,  and  using  the  flow  properties  characteristic  of  a  normal  shock  wave, 
the  ratio  of  the  total  pressure  at  exit  of  the  diffuser  to  the  free 
stream  pressure  is  defined  by 


P&-e/Poo  -  [(7I&-  1)/6]^JL  +  ^  [^•2Ma>/(7Moo-  l]j>(VII-26) 


The  diffuser  efficiency  is  defined  by  equation  (VII-22)  since  subsonic 
flow  exists  at  all  times  within  the  diffuser  section  proper.  The  ratio 
of  exit  to  inlet  flow  area  of  the  diffuser  is  defined  by 


^df-e/^df-i  *  (Poo/P&-«KMoo)^  1+0&/5)  (l+0«2^f-e)3/Hdf-e  (VII-27) 

and  the  flow  capacity  by 
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Ram  pressure  ratio,  p^f-g/p, 


Diffuser  inlet  diameter,  df-  . .  inches 


w  >00/ C  &  oo^i) 


2030  Mqo 


(vn~28) 


The  required  inlet  flow  area  of  the  diffuser  would  be  evaluated  by  equa¬ 
tion  (VII-28).  The  procedure  for  evaluation  of  performance  and  physical 
characteristics  of  leading-edge  intakes  for  supersonic  flight  speeds  is 
identical  to  that  outlined  for  subsonic  speeds. 

Simplified  evaluation  procedures  for  leading-edge  intakes  may 
be  employed  in  maiy  instances.  If  the  included  angle  for  the  diffuser 
is  assumed  to  be  within  the  range  of  10°  to  12°,  the  ram  pressure  ratio 
may  be  evaluated  as  a  function  of  the  flight  Mach  number  and  the  Mach 
number  of  flew  at  exit  of  the  diffuser.  The  results  of  this  evaluation 


Figure  VII-iu  Working  chart  for  evaluation  of  inlet 
diameter  of  leading-edge  intakes. 
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Air  flow  rate,.w,  pounds  per  hour 


•H- 
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are  shown  in  Figure  VII-3,  and  it  may  be  observed  that  the  Mach  number 
of  flow  at  exit  of  the  diffuser  has  no  major  effect  on  the  pressure  re¬ 
covery  of  the  intake.  For  the  flight  Mach  number  range  of  1.2  to  108 
the  ram  pressure  ratio  may  be  represented  quite  accurately  by  the  equa¬ 
tion 

J>2f-e/Poo  ‘  !•<>  1&8  (VII-29 ) 

Far  the  subsonic  range  of  flight  Mach  numbers  from  O.k  to  1.0,  an  equa¬ 
tion  which  quite  accurately  defines  the  ram  pressure  ratio  is 

PSf-e/Poo  i  1  +  0*85  1&-2  (VII-30) 

The  required  inlet  flow  area  of  the  diffuser  is  defined  by 
equation  (VH-25)  for  subsonic  flight  Mach  numbers  and  by  (711-28)  for 
supersonic  flight  Mach  numbers.  A  graphical  solution  to  the  evaluation 
of  the  required  inlet  area  is  presented  in  Figure  VII-1;. 

2.  Pressure  Recovery  and  Flow  Capacity  of  Scoop  Intakes 

Scoop  intakes  have  performance  and  physical  characteristics 
which  vary  widely  with  the  purpose  of  use,  location  on  the  aircraft 
outer  surface,  type  and  configuration  of  the  intake  and  aircraft  flight 
conditions.  It  has  not  been  found  practical  to  develop  a  working  method 
capable  of  evaluating  the  effects  on  performance  and  physical  character¬ 
istics  of  the  intakes  far  the  wide  variety  of  operational  and  design  con¬ 
ditions  possible.  Methods  are  presented  in  the  following  paragraphs 
which  are  not  rigorous  for  all  applications  and  flight  conditions,  but 
are  designed  to  evaluate  approximately  the  performance  and  physical  char¬ 
acteristics  of  scoop  intakes.  If  during  any  cooling  system  analysis  it 
should  occur  that  the  characteristics  of  a  scoop  intake  play  a  key  role 
in  establishing  the  criteria  of  design,  it  would  be  necessary  to  consid¬ 
er  the  design  and  performance  evaluation  of  the  scoop  intake  in  consid¬ 
erably  more  detail. 

For  purposes  of  analysis,  scoop  intakes  are  separated  in  three 
general  groups:  (1)  those  having  a  height,  as  measured  by  the  normal 
projection  of  the  scoop  into  the  air  stream,  equal  to  or  less  than  the 
thickness  of  the  boundary  layer,  (2)  those  having  a  height  in  the  range 
of  one-  to  four  times  the  boundary  layer  thickness,  and  (3)  those  han¬ 
dling  essentially  free  stream  air,  such  that  the  boundary  layer  air 
represents  a  small  percentage  of  the  total  inflow  to  the  scoop. 

The  velocity  profile  within  the  boundary  layer  is  assumed  to  be 
represented  by  the  conventional  one-seventh  power  variation,  with  a  flow 
velocity  of  zero  at  the  aircraft's  surface  and  free  stream  velocity  at 
the  outer  edge  of  the  boundary  layer.  Also,  it  is  assumed  that  no  dif¬ 
fusion  of  the  air  occurs  before  entrance  to  the  scoop  intake .  For 
scoops  having  a  height  equal  to  or  less  than  the  thickness  of  the  bound¬ 
ary  layer,  the  mean  temperature  of  the  boundary  layer  is  assumed  to  be 
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the  arithmetic  average  of  the  free  stream  and  adiabatic  wall  tempera¬ 
tures,  the  latter  defined  on  the  basis  of  a  recovery  factor  equal  to 
0.9.  The  resulting  expression  defining  the  flow  capacity  of  the  scoop, 
when  (7df-i/ybl)  ^  1*  may  be  shown  to  be 


wdf  Y^co/^oo^-i) 


i87o  Mg)(ydf-i/ybi)Q,lj43 

1+0.09  Mqo  (2  - ydf.i/ybi) 


(vii-31) 


The  thickness  of  the  boundary  layer  is  assumed  to  be  defined  by 

7bl  -  O.tfCLbi)0*8  ©Sj2V(^oomoo)°*2  (VII-32) 

where  represents  the  distance  frcm  the  scoop  intake  to  the  leading 
edge  of  the  aerodynamic  surface  on  which  the  intake  is  mounted.  The  in¬ 
tegrated  mean  total  pressure  at  the  entrance  section  of  the  diffuser, 
when  (ydf-iAbl)  ^  is  defined  in  terms  of  the  free-stream  pressure 
by  the  expression 

P&-i/Poo  ■  [l  *  0.16  «|>(7df_i/n,l)0'286]3'5  (VH-33) 

The  scoop  must  provide  internal  diffusion  of  the  air  from  the 
*  mean  flow  velocity  at  entrance  of  the  diffuser  to  the  required  flow  ve¬ 
locity  at  exit  of  the  diffuser  and  entrance  to  the  ducting.  The  mean 
flow  velocity  at  entrance  of  the  diffuser  is  defined  by 

udf-i/uoo  ■  0.875<ydf_i/ybi>°':ll‘3  CrawM 

The  area  ratio  required  of  the  diffuser  is  defined  by  application  of  the 
equation  of  continuity  frcm  inlet  to  exit,  which  yields 

-  0.875(poo/p^f_e)(p|f^e)(Ho3/^(if_e)(7df-i/ybl)0'1^^  (VII-35) 


where  the  total  pressure  at  exit  of  the  diffuser  is  related  to  the  inlet 
total  pressure  by 

pdf-e/poo  "  1  +T*df  [(pdf-i/poo)  ”  1  J  (VH-36) 

The  efficiency  of  the  internal  diffusion  process  is  assumed  to  be  de¬ 
fined  by  equation  (VII-22).  For  scoop  intakes  having  a  ratio  of 
(ydf-i/Tbl)  much  less  than  unity,  the  mean  flow  velocity  would  be  rela¬ 
tively  low  and  no  internal  diffusion  is  required.  An  area  ratio 
A^  0/Adf  j  less  than  unity  would  indicate  that  the  boundary-layer  flow 
must  be  accelerated  within  the  scoop  to  reach  the  specified  flow  velocity 
at  exit  of  the  diffuser .  As  for  evaluation  of  the  leading-edge  intake, 
a  trial-and-err or  process  is  required  to  define  the  pressure  recovery  of 
this  type  intake. 


WADC  TR  5U-359 


126 


With  the  second  general  type  of  scoop  intake,  where  the  bound¬ 
ary  layer  thickness  is  within  the  range  of  2$  to  10C$  of  the  scoop 
height,  the  equation  defining  the  flow  capacity  of  the  inlet  section  is 

•  187011/(8/7) 

The  thickness  of  the  boundary  layer  is  defined  by  equation  (VII-32) .  The 
mean  total  pressure  of  the  air  at  entrance  to  the  diffuser  is  defined  by 

pWPa,-{1+0-2“l)[(ydf-i/3r’i)-0-3]/[(7df-i/ybi)  -0.125]}3*5  (Tn-38) 

The  pressure  recovery  during  diffusion  within  the  intake  is  evaluated  by 
equations  (VII-22)  and  (VII-36)9  with  the  internal  area  ratio  of  the  in¬ 
take  defined  by 

*  [1-0 •  125(y"lAdf-i>]  ( Pco /Pgf-e > < f> If V%-e >  (VXI-39) 


1  - 


Pbl  +  7blAdf-i  1 

Fjrrj  (i+o.o9i4)/ 


(Tii-37) 


When  the  height  of  a  scoop  intake  is  more  than  five  times  the 
thickness  of  the  boundary  layer,  it  is  assumed  that  the  required  inlet 
flow  area  and  external  pressure  recovery  may  be  evaluated  independent  of 
the  boundary  layer  characteristics.  The  scoop  acts  essentially  as  a 
leading-edge  intake.  The  external  pressure  recovery  is  quite  high  over 
the  range  of  inlet  velocity  ratio  utjf_:i/u0o  from  about  0.1*  to  1.2.  In 
order  to  permit  a  compromise  in  design  between  inlet  flow  area  and  over¬ 
all  pressure  recovery,  the  following  equations  are  presented  as  a  func¬ 
tion  of  the  inlet  velocity  ratio,  and  are  valid  f  cr  a  range  of  inlet  as¬ 
pect  ratios  from  1  to  The  flow  capacity  of  the  scoop  is  defined  by 

w  Y®ooV (  ^oo^df-i.)  -  2030^^2:  ^1+0.21&  [l-t^.i/u^  ^  (VII-1*0) 


The  external  total  pressure  recovery  is  assumed  independent  of  the  inlet 
velocity  ratio  and  is  defined  therefore,  by  the  equation 


PSf-l/P®  ■  [l  +  0.195  1&]3'5 


(vn-u.) 


The  internal  pressure  recovery  is  evaluated  by  equations  (VII-19)  and 
(VII-22),  with  the  internal  area  ratio  defined  by 


Adf-e 

*df-i 


Poo 

Pctf-e 


Inlet  velocity  ratios  in  the  range  0.7  to  1.0  would  be  considered  most 
typical  for  subsonic  flight  speeds. 
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With  scoop  intakes  and  supersonic  flight  speeds ,  the  'following 
assumptions  are  made.  A  normal-shock  wave  precedes  the  flow  at  the  en¬ 
trance  to  the  diffuser ,  and  the  free-stream  flow  conditions  ahead  of  the 
inlet  are  defined  as  those  downstream  of  the  normal  shock.  Thereafter, 
the  scoop  intakes  are  evaluated  in  the  manner  outlined  in  the  preceding 
paragraphs.  This  method  of  analysis  yields  only  approximate  results. 

3.  Pressure  Recovery  and  Flow  Capacity  of  Skin  Intakes 

The  performance  of  skin  intakes  depends  greatly  upon  the  bound¬ 
ary  layer  conditions  at  entrance  to  the  intake,  the  aspect  ratio  of  the 
intake  and  the  relative  amount  of  boundary  layer  bleed  employed.  De¬ 
tails  of  general  design  procedures  for  high-performance  skin  intakes 
have  not  been  compiled.  Specific  procedures  yielding  designs  with  good 
pressure  recovery  should  be  utilized  when  a  high-performance  Skin  intake 
is  required  for  a  cooling  system. 

Typically,  a  flush  recessed  opening  in  the  skin  of  an  aircraft 
would  yield  a  pressure  recovery  defined  by 

•  T1  ♦  °-°6  “Sol3,5  (T11-U3) 

when  the  flow  velocity  u^f^  at  the  exit  of  the  intake  is  within  10  to 
70J6  Of  the  flight  velocity .  The  required  flow  area  at  exit  of  the  dif¬ 
fuser  is  defined  by 

*  rco>  "  2030< Vftx)  <  (Pdf-. >*  ‘5  (VII-li3> 

h.  Pressure  Recovery  and  Flow  Capacity  of  Internal  Intakes 

An  internal  intake  located  on  the  surface  of  any  main  air  duct 
acta  essentially  as  a  scoop  intake.  Pressure  recovery  and  flow  capacity 
for  thLs  type  intake  would  be  evaluated  by  the  procedures  outlined  in 
the  preceding  sub-section  (2). 

5.  Drag  of  Air  Inlets 

The  total  drag  imposed  on  an  aircraft  by  use  of  an  air  inlet 
may  be  evaluated  as  the  sum  of  the  momentum  and  external  drags.  Momen¬ 
tum  drag  accounts  for  drag  on  the  aircraft  resulting  from  change  in  the 
absolute  or  relative  air  velocity  between  inlet  and  exit  of  the  flow 
system.  External  drag  includes  all  parasitic  drag  originating  from 
added  surfaces,  edges  and  protuberances  in  general. 

External  drag  of  leading-edge  inlets  having  the  general  design 
features  as  presented  in  sub-section  (1)  would  be,  on  the  average,  de¬ 
fined  approximately  by 

Dr „c  -  0*5  Sm  *df-i  Moo  for  Moo<  1  (VH-hU) 

over  the  subsonio  flight  range. 
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Within  the  supersonic  flight  range  of  the  study-;  i.e.,  for  llach 
numbers  up  to  1.8;  the  external  drag  would  be  roughly  1.5  times  that  de¬ 
fined  by  equation  (VII-Uii)  when  the  inlet  is  operating  at  its  design 
flight  speed.  Under  off -design  operation;  if  the  inlet  handles  less  air 
than  the  swept-volume  of  flow*  so  that  spillage  of  air  over  the  leading 
edge  of  the  Intake  exists;  a  drag  increase  results  which  must  be  added 
to  1.5  times  the  drag  defined  by  equation  (VII-Ui).  The  total  external 
drag  tinder  these  conditions  is  defined  approximately  by 


Dr  ex  *  1U*7  ^ocAdf-i 


.  ^df^-l^oo) 

3600  g 


*  Soo*df-iM; 


00 


(vn-U5) 


where;  in  general,  the  diffuser  inlet  pressure  and  flow  velocity  can 
only  be  defined  frcm  considerations  of  the  flow  characteristics  of  the 
entire  cooling  system.  When  the  inlet  operates  under  off-design  condi¬ 
tions  with  the  shock  located  within  the  diffuser  proper,  so  that  the  in¬ 
flow  of  air  is  defined  by  the  swept-volume  of  flow,  the  external  drag 
would  be  evaluated  approximately  by  1.5  times  the  drag  defined  by  equa¬ 
tion  (vn-Ui). 

The  momentum  drag  with  subsonic  cr  supersonic  leading-edge  in¬ 
takes  is  defined  by 

Drmom  -  0.00915  Mqo  Y^oo  (VII-I46) 

which  far  subsonic  design  reduces  to 

Brmcm  -  13  Soo*3f-i  “Sod  ♦  0.102  k|,)2-5  (T1X-U7) 

and  for  supersonic  design  to 

DiW  *  H.6  So,  Ajf.i  1&  (V1X-U8) 

The  external  drag  of  scoop  inlets  operating  over  the  subsonic 
flight  speed  range  is  approximately  defined  by 

Dr^.  -  1.25  '4c  (vn-it?) 

For  the  supersonic  speed  range,  the  external  drag  of  a  scoop  would  be 
defined  by  equation  (YII-U9)  multiplied  by  a  factor  of  2,  except  under 
conditions  where  the  boundary  layer  extends  beyond  the  maximum  protuber¬ 
ance  of  the  scoop.  For  the  latter  case,  the  external  drag  would  be  de¬ 
fined  by  equation  (VII-U9). 

The  momentum  drag  of  boundary  layer  scoops  for  both  sub-  and 
supersonic  flight  speeds  is  defined  by 

■  16  5couSo  *df-i(y<if-iAbl>2/7  OH-50) 
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when  the  diffuser  inlet  height  is  less  than  or  equal  to  the  bound¬ 

ary  layer  thickness  ybiJ  or  by 

*  16  JJJ-J  +  O.WWwif  [l  -  (VII-51) 

when  the  diffuser  inlet  height  y^f-i  is  from  1  to  U  times  the  boundary 
layer  thickness,  or  by  equation  CVIX— U6)  when  the  ratio  of  inlet  height 
to  boundary  layer  thickness  is  greater  than  ii. 

Air  Outlets 


The  general  practice  in  the  cooling  system  study  has  been  to  ignore 
external  drag  of  air  outlets  and  to  define  their  weight  and  space  on  the 
basis  of  an  equivalent  length  of  ducting.  The  thrust  which  may  be  de¬ 
rived  from  expansion  and  ejection  of  the  air  has  been  included  In  some 
systems  and  ignored  in  others.  When  the  flow  circuit  is  such  that  pres¬ 
sure  drop  at  the  outlet  is  available,  in  general  the  thrust  is  included. 
The  cooling  system  studies  presented  in  subsequent  sections  specify  when 
the  thrust  is  included  or  ignored.  With  some  systems  there  is  no  prac¬ 
tical  benefit  to  be  derived  by  raising  the  back  pressure  throughout  the 
flow  circuit  so  as  to  have  a  pressure  drop  available  in  the  outlet  of 
the  system  for  development  of  thrust.  The  thrust  resulting  from  an  exit 
velocity  of  the  outlet,  ■  is  defined  by 

thrust  .  -  Drmom  -  O.863  x  10”*  w  un_0  (VH-52) 

where  w  represents  the  flow  rate  of  air  in  pounds  per  hour  and  the  un  o 
the  exit  velocity  in  feet  per  second.  The  net  momentum  drag  is  defined 
by  the  sum  of  the  inlet  and  outlet  momentum  drags. 

Blowers 


Evaluation  of  cooling  systems  employing  blowers  as  the  source  of 
air  motion  requires  working  procedures  which  permit  convenient  defini¬ 
tion  of  size,  weight,  speed  and  power  for  a ry  specified  air  flow  rate 
and  system  flow  i*3sistance.  Studies  of  the  performance  of  low  and  medi¬ 
um  pressure  centrifugal  and  axial  blowers  have  been  conducted  to  estab¬ 
lish  evaluation  methods  for  determining  physical  characteristics  and 
performance.  Low  and  medium  pressure  blowers  are  arbitrarily  classified 
as  those  having  pressure  producing  ability  up  to  about  10  to  1$  inches 
of  water  at  standard  density. 

1.  Centrifugal  Blowers 

The  study  of  low  and  medium  pressure  centrifugal  blowers  has 
been  restricted  to  blowers  employing  forward  curved  multiple  vanes  of 
shallow  radial  depth.  Centrifugal  blowers  employing  backward  curved 
vanes  have  not  been  considered  for  aircraft  application  because  of  their 
inherently  small  pressure-producing  ability.  The  performance  of  $$  units 


WADC  TR  $h-£9 


130 


Pressure  Parameter,  y-^ 


of  the  forward-curved  multi-vaned  type,  representing  products  of  five 
manufacturers,  have  been  studied  to  define  representative  performance* 
Impeller  diameters  ranged  from  3  to  36  inches ,  and  rotational  speed  from 
280  to  5000  revolutions  per  minute. 

Performance  of  each  unit  was  studied  and  correlated  by  assuming 
the  blowers  to  be  homologous,  i.e.,  assuming  the  fan  or  blower  lavs  to 
apply.  On  this  basis  three  parameters  may  be  defined  to  correlate  the 
volumetric  capacity,  the  pressure-producing  ability  and  the  input  pover 


Volume  Plow  Parameter, 


Figure  VII-5.  Generalized  pressure  and  volume  flow  characteristics 
of  lew-  and  medium-pressure  centrifugal  blowers. 
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requirements .  The  relative  volumetric  capacity  of  the  blowers  was  cor¬ 
related  by  using  a  parameter  equivalent  to  the  standard  flow  coefficient 
for  compressors  and  blowers.  The  parameter  is  defined  by 

'  if  B  -  ( Vg/100)  ( 0.5>/bg )/£ ng/iOCX)) (dJi/lO)3]  (VH-53) 

which  assumes  that  for  homologous  blowers  the  flow  rate  is  directly  pro¬ 
portional  to  the  rotational  speed  and  to  the  cube  of  the  impeller  diame¬ 
ter  when  all  impeller  widths  are  first  corrected  to  a  comparable  percent¬ 
age  of  the  impeller  diameter.  The  standard  geometry  of  the  impeller  is 
selected  as  a  width  ratio  bg  of  0.£,  i.e.,  an  impeller  width  equal  to 
one-half  the  tip  diameter.  A  practical  design  range  for  the  width  ratio 
would  be  considered  as  fran  about  0.3  to  about  0.7.  The  volume  flow 


Figure  711-6.  Generalized  shaft  power  requirements 
of  low-  and  medium-pressure  centrifugal  blowers. 
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parameter  for  any  blower  would  waxy  from  zero,  i.e shut-off  operating 
condition,  to  a  value  corresponding  to  the  maximum  flow  handling  capaci¬ 
ty  of  the  unit,  defined  as  the  operational  condition  where  the  outlet 
static  pressure  equals  the  inlet  total  pressure.  The  pressure-producing 
ability  of  the  various  units  has  been  correlated  by  the  parameter 

-  (ApgVcTBiJ/fV1000)2^^/10)2]  (VH-5U) 

which  is  basically  equivalent  to  the  definition  of  the  standard  pressure 
coefficient  employed  in  compressor  design  theory.  The  denominator  of 
equation  (VII-5U)  is  proportional  to  the  square  of  the  impeller  tip 
speed.  The  numerator  of  equation  (VII-5U)  is  proportional  to  the  head 
produced  by  the  blower,  whore  ogi  represents  the  ratio  of  the  air  den¬ 
sity  at  inlet  to  the  blower  to  standard  air  density.  Data  on  shaft  power 
required  to  drive  the  blower  were  evaluated  and  correlated  by  the  power 
parameter 

XB  -  (P^/oBi)(0.5AB)4V100°)3(dBl/l0)^j  (VII-55) 


Figure  VII-7 .  Generalized  efficiency  of  low-  and 
medium-pressure  centrifugal  blowers. 
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where  Fo/ani  defines  the  corrected  shaft  horsepower  required  by  the 
blower. 

The  blower  efficiency  is  defined  by  the  generalized  parameters 
and  was  calculated  from 

%  •  (vn-56) 

The  results  obtained  in  correlating  centrifugal  blower  perform¬ 
ance  by  the  parameters  -fB  ant*  are  s*10*11  in  Figures  VII-5, 

VlI-6  and  VII-7.  Representative  generalized  performance  for  this  type 
of  blower  may  be  selected  from  average  performance  shown  in  Figures 
VII-S  and  VII-6,  as  illustrated  schematically  in  Figure  VII-8 .  These 


Figure  VII-8.  Representative  general¬ 
ized  performance-  of  low  andmedium 
pressure  centrifugal  blower. 


generalized  characteristics  are  used  for  selection  of  required  impeller 
diameter  and  rotational  speed  of  a  blower.  The  criteria  far  selection 
are  obtained  by  combining  equations  (VII-5 3)  and  (VII-5U)  to  yield  ex¬ 
plicit  definitions  of  required  diameter  and  speed.  The  resulting  ex¬ 
pressions  are 

dJj/10  -  [0.707  f|-2S/?g-^]{(TB/100)0<S/^bB)0-5(dj|"/o-B1)0-2^(VIX-57) 

V1000  ■[f’B'5/°*^TB'75][(iPg"/oBi)0,7S(1>B)0,?AV100)0'^  OXt-58) 

These  relationships  illustrate  that  for  any  volumetric  capacity  and  total 
pressure  rise  required  of  the  blower,  the  diameter  and  rotational  speed 
are  defined  explicitly  by  selection  of  the  width  ratio  of  the  impeller 
and  the  efficiency  level  or  percent  maximum  capacity  at  which  the  blower 
would  operate. 

Generalization  of  bulk  volume  and  weight  for  low  and  medium 
pressure  centrifugal  blowers  has  been  obtained  from  a  study  of  existing 
designs  representing  31  units  and  5  manufacturers.  Impeller  diameters 


9b 
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of  these  units  ranged  from  3  to  11  inches.  Blower  volume  is  correlated 
as  a  function  of  th®  diameter  and  axial  width  of  the  impeller  by  the 
parameter  bpCdSj)’,  where  bg  is  the  ratio  of  the  axial  width  to  tip  di¬ 
ameter  of  the  impeller .  Results  of  this  type  correlation  are  shown  in 
Figure  VII-9.  For  any  specific  blower  type,  as  for  example  blowers  of 
vazying  size  but  built  by  the  same  manufacturer,  the  volume  is  found  to 
vary  linearly  with  the  parameter  bg(dgr)^.  However,  a  range  in  blower 
volume  is  found  at  ary  fixed  value  of  the  abscissa  in  Figure  VII-9  due 
to  variations  among  the  designs  of  the  various  manufacturers.  For  pur¬ 
poses  of  evaluation  of  blower  volume  required  for  aircraft  equipment 
cooling  systems  it  is  assuned  that  the  effort  would  be  directed  toward 
practical  minimization  of  physical  size,  so  that  the  solid  line  indi¬ 
cated  in  Figure  VII-9  would  be  representative  of  blower  designs  suitable 
for  cooling  system  applications.  This  line  may  be  described  by  the 
equation 

V5  -  35>00  bgCdgj/lO)3  (VII-J>9) 

and  would  be  used  to  define  spatial  requirements  of  low  and  medium  pres¬ 
sure  centrifugal  blowers. 

A  study  of  the  weight  of  various  low  and  medium  pressure  cen¬ 
trifugal  blowers  indicates  that  weight  may  be  correlated  with  volume* 


Figure  VII-9.  Results  of  correlation  of  volume  for  low  and  medium 
pressure  centrifugal  blowers  as  function  of  impeller  dimensions. 
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The  representative  weight  variation  is  defined  by 

WB  •  1.28(vJ/lOO)°o8  (vii-60) 

The  flow  velocity  of  the  air  at  the  blower  discharge  is  defined 
by  the  flow  rate  and  the  exit  area.  In  order  that  the  exit  velocity  may 
be  defined  for  ary  selected  low  and  medium  pressure  centrifugal  blower, 
a  study  of  exit  areas  of  existing  blowers  was  made  in  an  effort  to  cor¬ 
relate  this  area  as  a  function  of  the  Impeller  dimensions.  The  results 
obtained  from  this  study  of  yS  commercially  available  units  having  im¬ 
peller  diameters  in  the  range  3  to  12  inches  define  the  variation  of  exit 
area  with  the  abscissa  parameter  by  the  equation 

ABe  •  100  bgCdgi/lO)2  TviI-61) 

External  dimensions  of  the  scroll  for  low  and  medium  pressure 
centrifugal  blowers  were  studied  for  3k  units  having  impeller  diameters 
in  the  range  from  3  to  15  inches.  Dimensions  of  the  scroll  were  found 
to  vary  about  in  direct  proportion  with  the  diameter  of  the  impeller* 

2.  Axial  Blowers 

A  study  of  low  and  medium  pressure  axial  blowers  was  conducted 
to  define  generalized  performance  and  physical  characteristics  in  a  man¬ 
ner  similar  to  that  used  for  low  and  medium  pressure  centrifugal  blowers. 
The  purpose  of  determining  performance  and  physical  characteristics  has 
been  to  allow  evaluation  of  rotational  speed,  power,  weight  and  volume 
of  a  typical  blower  employed  as  a  source  of  air  movement  in  an  aircraft 
equipment  cooling  system*  Physical  characteristics  and  performance  of 
low  and  medium  pressure  axial  blowers  were  determined  from  the  charac¬ 
teristics  of  existing  designs,  in  order  to  define  typical  average  values. 
No  attempt  was  made  to  study  effects  of  details  in  design^  such  as  rotor 
or  stator  blade  angle  and  solidity* 

The  results  are  based  on  the  study  of  17  single-stage  units, 
which  have  rotor  diameters  in  the  range  from  3°£  to  21  inches  and  rota¬ 
tional  speeds  from  36 00  to  lb, 000  revolutions  per  minute*  Generalized 
performance  is  defined  in  terms  of  the  flow  coefficient  if  g,  the  pres¬ 
sure  coefficient  -fr  3  and  the  power  coefficient  X.  g„  The  flow  coeffi¬ 
cient  for  axial  blowers  is  defined  as 

<fB  -  (vb/IOO)  [o*5l/(l  -v|)]/  [(nB/l000)(dJI/l0)3]  (VII-62) 

which  is  identical  to  that  used  for  centrifugal  blowers  except  that  a 
correction  factor  is  introduced  to  allow  for  variation  in  the  hub-to-tip 
diameter  ratio  of  the  impeller  Vg,  whereas  with  centrifugal  units  a 
correction  factor  bg  is  included  to  allow  for  variation  in  the  axial 
width  of  the  impeller  relative  to  the  tip  diameter*  For  axial  units,  a 
reference  hub-to-tip  diameter  ratio  is  selected  as  0*7Ch,  which  defines 
the  constant  of  0*J>1  equal  to  (l-v2)  in  equation  (VII-62).  It  is  as- 
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Pressure  Parameter,  y-  B 


Burned  that  some  variation  in  the  hub-to-tip  diameter  ratio  for  blower  selec¬ 
tion  or  design  is  possible  without  affecting  to  ary  appreciable  extent  the 
pressure-producing  ability  or  power  requirements  of  the  blower,  and  that  the 
volumetric  capacity  of  a  unit  would  be  proportional  to  the  factor  (1  -vz), 
as  indicated  by  equation  (VII-62).  Actually,  performance  of  axial  blowers 
would  be  affected  to  some  extent  when  this  ratio  is  varied,  principally  due 
to  radial  flow  when  the  ratio  is  low  and  to  high  relative  skin  friction  when 
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Figure  711-10.  Generalized  pressure  and  flow  volume  characteristics  of  lew 
and  medium  pressure  single  stage  axial  blowers . 
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the  ratio  is  high,  A  practical  range  of  the  hub-to-tip  diameter  ratio  v  g 
permitting  correlation  by  the  factor  introduced  in  equation  (VII-62)  is  es¬ 
timated  to  be  from  about  0.60  to  0.80. 

The  pressure-producing  ability  of  a  single  stage  axial  blower  is 
correlated  by  the  pressure  coefficient,  defined  as 

(VH-63) 


yB  .  (ap^aBi)/ [( V1000)^4?!/10)2] 


which  is  identical  in  definition  to  that  employed  for  centrifugal  blowers. 
As  previously  pointed  out,  the  pressure-producing  ability  is  assumed  to  be 
independent  of  the  bub-to-tip  diameter  ratio  within  a  practical  range  of 
variation,  such  as  0.60  to  0.80.  The  effect  of  inlet  air  density  on  the 
actual  air  pressure  rise  is  accounted  for  by  the  inlet  air  density  ratio 
ofci.  This  method  of  correction  is  fairly  accurate  as  long  as  the  flow  pro- 


Figure  VII-11.  Generalized  shaft  power  requirements  of 
low  and  medium  pressure  single  stage  axial  blowers. 
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cess  is  essentially  incompressible,  as  would  be  the  case  for  most  single- 
stage  axial  blowers.  Basically,  equation  (711-6.3)  defines  the  ratio  of 
head  development  to  the  square  of  the  impeller  tip  speed  for  one  stage  of 
a  blower. 


Shaft  power  required  of  axial  blowers  is  correlated  ty  the  power 
coefficient,  defined  as 

*B  "  C^Bi*  -V^j/^nB/lOOO^CdJx/lO)^]  (711-61; ) 

which  is  basically  equivalent  to  that  employed  far  centrifugal  blowers  ex¬ 
cept  for  the  factor  including  the  hub-to-tip  diameter  ratio  in  place  of  the 


Tolume  flow  Parameter, 


Figure  7X1-12.  Generalized  efficiency  of  low  and  medium 
pressure  single  stage  axial  blowers. 
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width-to-diame ter  ratio  for  centrifugal  unite.  It  la  assumed  that  me¬ 
chanical  losses  are  included  in  defining  shaft  power  required  of  axy 
blower  by  use  of  the  power  coefficient  defined  in  equation  (VII-6U)  • 

Results  obtained  by  correlation  of  performance  of  single-stage 
axial  blowers  in  terms  of  flow,  pressure  and  power  coefficients  are  il¬ 
lustrated  in  Figures  VII-10,  711-11  and  711-12.  The  variation  in  re¬ 
sults  may  in  part  be  attributed  to  differences  of  solidity,  blade  angle 
of  rotor  and  stator  and  stator  vane  location. 

Representative  generalized  performance  for  this  type  blower  may 
be  selected  frcm  average  performance  of  Figures  VII-16  and  Vll-ll  is  il¬ 
lustrated  schematically  in  Figure  711-13.  The  generalized  performance 
so  defined  would  be  employed  to  define  typical  operational  characteris¬ 
tics  of  low  and  medium  pressure  axial  blowers. 


Figure  711-13.  Representative 
generalized  performance  of  low  and 
medium  pressure  single-stage  axial 
blower. 


From  the  generalized  performance  of  Figure  711-13  for  any  se¬ 
lected  operational  condition,  usually  defined  by  percent  maximum  capaci¬ 
ty  or  percent  maximum  efficiency  derived  fran  required  power  level  or 
control  considerations,  the  required  Impeller  diameter  and  rotational 
speed  may  be  explicitly  defined  from  the  equations 

dJj/10  ■  [o.711i^-2^*^[(Vlw)Q,V(l^i)0,5(A|^c^i)0*2^  (711-65) . 

ng/lOOO  .  |Vg-fyo.?:U*f  8*7*]  ^Pr/oBi)0-75(3^I)0-V(vB/lOO)0^ (711-66) 

The  procedures  of  selecting  a  blower  and  the  determination  of 
its  performance  are  Identical  to  those  for  the  centrifugal  blower* 

The  performance  and  physical  characteristics  of  low  and  medium 
pressure  axial  blowers  requiring  mors  than  one  stage,  l.e.,  more  than 
one  Impeller,  would  be  obtained  by  assuming  that  the  performance  of  in¬ 
dividual  stages  may  be  combined  In  series.  A  procedure  of  this  type 
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would  be  approximately  correct  when  only  a  few  stages  are  required*  Be¬ 
yond  this,  the  blower  would  have  fairly  great  pressure-producing  ability 
and  would  be  evaluated  as  an  axial-flow  compressor. 

Bulk  volume  and  weight  relationships  far  low  and  medium  pres¬ 
sure  axial  blowers  have  been  established,  based  on  a  limited  quantity  of 
information.  The  bulk  volume  of  this  type  blower  is  defined  by 

Vj  -  l^dgj)2*6  (VII-67) 

and  the  wei^it  by 

WB  -  3.86(vJ/100).  (VII-68) 

Both  expressions  apply  specifically  to  single  stage  units  which  include 
either  inlet  or  exit  stationary  guide  vanes  for  the  impeller* 

Compressors 

A  study  of  aircraft  cooling  systems  in  general  requires  knowledge 
of  the  performance  and  physical  characteristics  of  small  radial  (cen¬ 
trifugal)  and  axial  compressors.  Radial  compressors  would  be  employed 
in  certain  iypes  of  air  cycle  refrigeration  systems  and  as  compression 
elements  of  a  completely  pneumatic  power  supply  system  and  vapor  cycle 
refrigeration  systems.  Axial  compressors  are  employed  rather  exten¬ 
sively  in  mazy  air  cycle  refrigeration  Systems. 

1.  Radial  Compressors 

A  radial  compressor  is  classified  in  this  study  as  a  radial- 
flow  turbomachine  producing  in  ary  one  stage  a  total  pressure  ratio  of 
the  compressed  fluid  from  1.1  upwards.  All  units  are  considered  to  have 
radial  vanes,  l.e.,  units  having  impeller  vanes  inclined  toward  or  away 
from  the  direction  of  impeller  rotation  at  the  outer  diameter  of  the  im¬ 
peller  are  not  considered.  Lower  values  of  required  total  pressure  ra¬ 
tio  would  classify  the  machine  as  a  low  and  medium  pressure  or  high  pres¬ 
sure  centrifugal  blower.  The  maximum  total  pressure  ratio  possible  far 
development  in  ary  one  stage  of  a  radial  compressor  is  limited  to  values 
in  the  vicinity  of  b  to  1,  primarily  by  mechanical  strength  limitations 
of  the  impeller  and  secondarily  by  an  acceptable  efficiency  level  far 
the  machine. 

Under  normal  conditions  of  application  of  this  type  compressor 
to  an  aircraft  cooling  system,  the  total  temperature  and  pressure  at  in¬ 
let  of  the  unit,  the  air  rate  to  be  handled  by  the  unit,  the  rotational 
speed,  and  the  shaft  power  available  for  driving  the  unit  would  be  deter¬ 
mined  by  performance  of  other  components  within  the  system.  Hence,  they 
may  be  considered  as  independent  variables  of  analysis.  In  other  in¬ 
stances,  the  rotational  speed  or  the  flow  rate  would  not  be  known.  Also, 
With  some  systems  the  total  pressure  ratio  required  to  be  developed  by 
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the  compressor  may  be  an  independent  variable  of  analysis*  Dependent 
variables  to  be  determined  when  evaluating  a  radial  compressor  are  (1) 
those  affecting  directly  the  performance  of  other  components  within  a 
cooling  system.,  such  as  outlet  total  temperature  and  pressure  and  rota¬ 
tional  speed*  and  (2)  those  affecting  merit  considerations  of  the  com¬ 
pressor  and  entire  cooling  system  when  compared  to  other  systems  pro¬ 
ducing  an  equivalent  cooling  effect,  such  as  inlet,  impeller  and  exter¬ 
nal  diameters,  axial  length,  efficiency  and  spatial  and  weight  require¬ 
ments  o 


Working  methods  to  be  used  far  evaluation  of  performance  and 
physical  characteristics  of  radial  compressors  are  presented  in  the  fol¬ 
lowing  sub-sections,  derived  on  the  basis  of  conventional  thermodynamic 
and  fLuid  tynamic  principles  and  typical  generalized  performance  charac¬ 
teristics  far  this  type  compressor.  The  approach  is  basically  one  of 
design  or  selection  of  radial-vaned  units  meeting  specified  performance 
requirements  far  the  design  conditions  of  the  cooling  system.  “Off -de¬ 
sign"  performance  of  the  compressor  is  not  considered  herein.  Working 
methods  are  presented  for  design  of  units  having  maximum  air  capacity, 
i.e.,  minimum  physical  size  far  any  specified  air  rate,  and  far  design 
of  units  operating  at  or  near  peak  efficiency.  Compromise  in  selection 
between  maximum  capacity  and  maximum  efficiency  is  discussed. 

a.  Flow  Capacity 

Two  parameters  useful  far  evaluation  of  compressor  perform¬ 
ance  in  general  are  the  flew  coefficient  and  the  impeller  tip  Mach  num¬ 
ber.  The  flow  coefficient,  which  characterizes  the  operational  condi¬ 
tion  of  the  compressor,  is  defined  as  the  ratio  of  the  absolute  axial 
flow  velocity  at  inlet  to  the  compressor  to  the  tip  speed  of  the  impel¬ 
ler.  In  equation  form,  the  flow  coefficient  is  defined  as 

?  GR  "  uCRi/uCRI  (VII-69) 

It  is  assumed  in  all  instances  that  at  the  inlet  the  flow  is  uniform  and 
in  the  axial  direction  only.  Prerotation  vanes  are  not  considered,  so 
that  the  inlet  velocity  of  equation  (VII-69)  represents  the  actual  aver¬ 
age  flow  velocity  for  the  fluid.  The  impeller  tip  Mach  number  of  the 
compressor  is  a  fictitious  parameter  used  to  relate  the  peripheral  speed 
of  the  impeller  to  the  total  temperature  of  the  fluid  at  the  inlet  of 
the  compressor.  It  is  defined  in  equation  form  as 

“CRI  "  ^CRl/  f^CRi  (VII-70) 

Typical  values  of  this  parameter  are  in  the  range  0.3  to  lJi,  the  lower 
limit  being  defined  ty  a  total  pressure  ratio  for  the  compressor  of  ap¬ 
proximately  1.1,  and  the  upper  limit  be'ing  defined  by  typical  values  of 
the  maximum  permissible  peripheral  speed  of  an  impeller  and  the  total 
temperature  of  the  fluid  at  the  inlet.  Most  commonly,  in  connection 
with  aircraft  cooling  systems,  the  impeller  tip  Mach  number  would  be  in 
the  range  0.5  to  1.2 . 
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A  general  expression  for  the  flow  capacity  of  a  radial  can- 
pressor  may  be  derived  in  terns  of  the  flow  coefficient  and  impeller 
Mach  number  by  application  of  the  steady-state  equation  of  continuity  to 
the  inlet  section  of  the  compressor.  The  flew  rate  expressed  in  pounds 
per  hour  is  related  to  the  specific  weighty  the  flow  velocity  and  the 
flow  area  at  inlet  by 

wCR  -  3600(  yAuJcRi  (VII-71) 

The  inlet  flow  area  is  defined  in  terms  of  the  impeller 
diameter  by  the  expression 

*CRi  “  ("A^CRl)2^  CR  ~  0.0625),  (VII-72) 


where  it.  is  assumed  that  the  ratio  of  the  hub  and  tip  diameters  is  0.25. 
Thus  the  available  inlet  flow  area  has  an  outer  diameter,  i.e.,  the  eye 
diameter,  equal  to  \  times  the  impeller  diameter  and  an  inner  diameter 
equal  to  0.25  times  the  impeller  diameter.  The  specific  weight  of  the 
fluid  at  the  inlet  plane  may  be  defined  in  terms  of  the  total  tempera¬ 
ture  and  press ure  at  inlet  by  the  following  expression,  assuming  the 
fluid  to  obey  the  equation  of  state  for  a  perfect  gas. 

Tori  *  <pAT>cRi  -  <P°^TW<itai>3/<k'1>  <™:-73) 

The  actual  Mach  number  of  flow  at  the  inlet  of  the  unit  is  related  to 
the  flow  factor  and  impeller  Mach  number  by 

■  (Va)cRi  ■  9  GR^CRl/  (VII-7U) 

or,  by  combining  equations  (VII-70)  and  (VII-7U), 

“CRi  *  9  CR  “CRI  PcRi  (VII-75) 


which  may  be  solved  directly  to  yield 


P(3Ri 


_ 1 _ 

1  -  [(k-l)/2|  ip% R  M§ri 


(VII-76) 


Then,  by  combining  equations  (VII-73)  and  (711-76)  an  expression  for  the 
inlet  specific  weight  of  the  gas  is  determined  as 

rcRi  •  tp°^T0)«Ri{:L- (vn-77) 

and  the  general  expression  for  flow  rate  is  obtained  by  combining  equa¬ 
tions  (711-69),  (711-70) >  (VII-71),  (711-72)  and  (711-77), 

WCR if TCRi/ ( P&li^RI )  ■  (900n-^kg/R)(  ^crMq^i) (A ^-0.0625)  x 

x(l-  [(k-l)/2]f.|El^s^1/(to'1)  (VH-78) 

lit3 
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*osV^i/(5Siillcii)‘W6oteMCEi(A-li-0-o625)[i-o-2?’ai14il  '  (vu-79 ) 


far  air  with  k  and  R  equal  to  l.U  and  53*3,  respectively,  and  S'  and  9 
defined  as  the  ratio  of  pressure  and  temperature  to  standard  sea  level 
pressure  and  temperature  of  2115  pounds  per  square  foot  and  5l9°F  abso¬ 
lute,  respectively. 


A  review  of  radial  compressor  performance  as  presented  in 
the  literature,  References  711-5,  VH -5  and  711-7,  indicates  that  design 
for  maximum  efficiency  requires  the  flow  coefficient  to  be  in  the  range 
0.25  to  slightly  above  O.j,  with  the  peak  efficiency  varying  little  over 
this  range.  Therefore,  it  is  assumed  in  this  analysis  that  radial  com¬ 
pressors  expected  to  operate  at  peak  efficiency  are  designed  for  a  flow 
coefficient  of  0.3.  Secondly,  it  is  assumed  that  a  well-proportiqned 
Impeller  would  be  designed  to  have  an  eye  diameter  of  about  62.5^  of  the 
impeller  diameter,  i.e.,  Aqjj  is  0.625,  as  verified  by  conventional  prac¬ 
tice  in  compressor  design  as  well  as  theoretical  analyses.  Reference 
VII-5  indicates  that  slightly  higher  efficiencies  are  possible  with  Apr 
of  about  0.7.  However,  the  use  of  larger  eye  diameters  introduces  addi¬ 
tional  mechanical  problems  in  the  design  of  the  Impeller  inlet  vanes  or 
inducer.  For  this  reason  and  the  fact  that  in  design  practice  somewhat 
lower  ratios  are  employed,  the  value  of  Aqjj  equal  to  0.625  is  main¬ 
tained  as  the  maximum  value  in  design,  for  maximum  efficiency.  However, 
in  the  subsequent  analysis  dealing  with  design  for  maximum  capacity* 
values  of  up  to  0.7  are  used.  With  the  flow  coefficient  maintained 
constant  at  a  value  of  0.3  for  maximum-efficiency  design,  the  absolute 
axial  inlet  velocity  increases  in  direct  proportion  to  the  impeller  Mach 
number.  Thus,  at  high  values  of  the  impeller  Mach  number,  corresponding 
to  an  appreciable  total  pressure  rise  of  the  air  produced  by  the  com¬ 
pressor,  the  flow  velocity  relative  to  the  inlet  vanes  or  inducer  of  the 
Impeller  becomes  very  great.  Normally,  an  excessive  relative  inlet  ve¬ 
locity  is  considered  to  exist  when  the  Mach  number  of  flow  relative  to 
the  inlet  vanes  is  within  the  transonic  region,  so  that  shock  wave  for¬ 
mations  over  the  vanes  may  possibly  create  separation  of  the  flow  and 
consequent  reduction  in  efficiency  and  capacity  of  the  unit.  Conven¬ 
tional  practice  is  to  limit  the  maximum  Mach  number  of  flow  relative  to 
the  inlet  vanes,  occurring  at  the  outer  inlet  diameter  far  pure  axial 
enixy,  to  a  value  of  0.9.  Slightly  higher  efficiency  of  the  compressor 
would  be  expected  when  this  Mach  number  is  limited  to  values  in  the 
range  0.7  to  0.8,  as  corresponding,  far  example,  to  the  critical  Mach 
number  of  simple  aerodynamic  shapes,  but  the  flow  capacity  would  be 
greatly  reduced.  In  this  analysis,  the  relative  inlet  Mach  number  is 
limited  to  0.9. 

The  maximum  Impeller  Mach  number  at  which  the  relative  in¬ 
let  Mach  number  is  not  excessive  for  a  flow  coefficient  of  0.3  is  de¬ 
fined  in  the  following  manner.  At  the  outer  diameter  of  the  inlet  and 
for  pure  axial  entry  of  the  air  in  the  approach  section,  the  maximum 
relative  velocity  is 
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uCRi\  *  "CRi  +  *CR  tJCRI  (VII-80) 

UCRlx/jik^TCRi^PcRi^]  *  ^CR^RI  +ACr“cRI  (VII-8l) 

where  0  . 

UgRi>/kgRTCRi  -  (0.9 )z  -  0.81  (VII-82) 

since  ‘the  relative  inlet  Mach  number  is  limited  to  0.9.  Hence,  solving 
equation  (VII-81)  far  the  Impeller  Mach  number,  using  the  relationship 
of  equation  (VII-76)  and  k  equal  to  1.1,  yields 

Mori  •  o.s/yi-W^cR  ♦'*■«  (vii-83) 

For  (p  and  Aqr  of  0.3  and  0.625,  respectively,  the  Impeller  Mach  num¬ 
ber  is  1.28.  Thus,  whenever  the  impeller  Mach  number  is  less  than  1.28, 
the  relative  Mach  number  at  inlet  of  the  vanes  is  everywhere  less  than 
0.9,  it  is  equal  to  0.9  at  an  impeller  tip  Mach  number  of  1.28,  and 
would  exceed  0.9  for  impeller  Mach,  numbers  greater  than  1.28.  With  im¬ 
peller  Mach  numbers  greater  than  1.28,  either  the  flew  coefficient  or 
the  eye  diameter  must  be  reduced.  A  study  of  this  condition  shows  that 
from  the  standpoint  of  flow  capacity  reduction  of  the  eye  diameter  is 
greatly  superior  to  reduction  of  the  flow  coefficient.  For  example,  at 
an  impeller  Mach  number  of  1.1  with  a  flow  coefficient  of  0.3,  the  re¬ 
quired  value  of  Aqp  would  be  0.555  instead  of  0.625,  creating  a  loss  in 
flow  capacity  of  25%,  However,  should  Aqr  be  maintained  at  the  stand¬ 
ard  value  of  0.625  and  the  flow  coefficient  be  reduced  to  maintain  the 
limiting  relative  Mach  number  of  0.9  at  an  Impeller  Mach  number  of  1.1, 
the  flow  coefficient  would  have  to  be  reduced  to  0.139  which,  compared 
to  the  standard  value  of  0.3,  represents  a  flow  capacity  drop  of  over 
50%.  Also,  with  the  latter  design  the  efficiency  level  would  be  appre¬ 
ciably-  lowered.  Hence,  for  impeller  Mach  numbers  greater  than  1.28,  de¬ 
sign  practice  would  be  to  reduce  the  eye  dianeter,  i.e.,  reduce AgR,  as 
required  by  equation  (VII-83)  for  a  flow  coefficient  of  0.3,  It  is  to 
be  emphasized  that  prerotabion  vanes  within  the  inlet  are  not  consid¬ 
ered.  Values  of  the  flow  coefficient  and  inlet  diameter  ratio  for  de¬ 
sign  at  maximum  efficiency  as  a  function  of  the  Impeller  Mach  number  are 
presented  in  Figure  VII-ll. 

The  flow  capacity  of  radial  compressors  designed  for  opera¬ 
tion  at  maximum  efficiency  may  now  be  defined  from  the  data  of  Figure 
VII-ll  and  equation  (VII-79),  which  is  valid  for  air.  When  the  Impeller 
Mach  number  is  less  than  1.28,  which  would  be  the  usual  condition,  y>gR 
andAgR  are  0.3  and  0.625,  respectively,  and 

WCR  lidcSl)  "  165. 51^(1  -  0.018 ifet)2**  (VII-81) 

When  the  impeller  Mach  number  exceeds  a  value  of  1,28,  the  flew  capacity 
is  defined  by 
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Figure  VII-lli.  Flew  coefficient  and  inlet  diameter  ratios 
for  radial  compressors. 

»0R  ■  8U.2MCRI|?U.85/lfet)-l](l-0.018l4I)2,S  (TIX-8S) 

using  as  defined  ty  equation  (VII-83)  far  ■  0.3.  The  variation 
in  corrected  flow  capacity,  pounds  per  hour  per  inch  squared  of  impeller 
tip  diameter,  is  illustrated  in  Figure  VII-l£ .  The  maximum  flew  capaci¬ 
ty  exists  at  the  impeller  tip  Mach  number  of  1.28,  where  the  value  of 
the  ordinate  is  about  196  pounds  per  hour-inch  squared. 

Design  for  maximum  flew  capacity  of  a  radial  compressor  is 
based  upon  the  maximum  flow  rate  the  inlet  section  can  handle  without 
exceeding  the  selected  maximum  value  of  0.9  for  the  relative  Mach  number 
of  flow  at  the  inlet  and  without  prerotation  vanes.  A  detailed  study  of 
the  maximum  flow  capacity  of  radial  compressors  is  presented  in  Refer¬ 
ence  VII-8.  Far  a  hub-to-tip  diameter  ratio  of  the  impeller  of  0.25*  as 
herein  used,  and  a  limiting  relative  Mach  number  of  0.9,  maximum  flow 
capacity  is  achieved  when 

Acr  -  0.778/Mcr!  (VII-86) 

Substituting  this  relationship  into  equation  (VII-83)  defines  the  corre¬ 
sponding  variation  in  the  flow  coefficient,  which  is 

fCR  “  ^/“CRI 
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Figure  VII-15.  Flow  capacity  of  radial  compressors  for  design 
with  maximum  efficiency  or  maximum  flew  capacity. 

Equation  (VII-86)  indicates  that  very  high  values  of  the  inlet  diameter 
ratio  are  required  at  lew  values  of  the  impeller  Mach  number.  For  prac¬ 
tical  reasons  of  design,  the  maximum  value  of  A(jr  is  limited  to  0.7, 
which  corresponds  to  impeller  Mach  numbers  below  1.11.  Thus,  when 
MqRI  >  1.11,  A.  gp  and  <f  qr  are  defined  by  equations  (VII-86)  and  (VII-87). 
When  Mqrj  <  1.12,  A^qr  is  0.7  and  ^qr  is  defined  from  equation  (VII-03) 
to  be 

Pcr  -  O^VCl^^/Mgax)  -  1  (VII-88) 

Here  again,  a  limit  must  be  placed  on  pgp  since  at  low  Impeller  Mach  num¬ 
bers  the  flow  coefficient  would  be  very  nigh,  so  that  the  efficiency  and 
pressure-producing  ability  would  be  negligible.  Hence,  the  maximum  value 
of  tpQ r  is  limited  to  0.6,  which  occurs  when  Mcrj  is  about  0.95*  The 
variations  of  flow  coefficient  and  inlet  diameter  ratio  with  design  for 
maximum  flow  capacity  are  presented  in  Figure  VH-lU. 

The  air  flow  rate  with  design  far  maximum  capacity  is  de¬ 
fined  by  equation  (VII-79)  and  the  previously  established  conditions  of 
the  flow  coefficient  and  inlet  diameter  ratio.  For  impeller  Mach  num¬ 
bers  greater  than  1.11,  equations  ( VII-86)  and  ( VII-87)  are  substituted 
into  equation  (VII-79)  to  yield 

WCR  y®CRi/^CRidCRl)  *  ^0.3  £(  3»U/MCRl)2  -  1 "]  (VII-8 9) 
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For  Impeller  Mach  numbers  greater  than  0.95  end  lees  than  1.11,  equation 
(VII-88)  and  Ann  equal  to  0.7  are  substituted  into  equation  (VII-79)  to 
yield 

»CR  l/®&S/^8Ridc8l)  *  W7  ^1.65-M§RI  [i-0.08U5(1.65-M?hi)]2,5  (VII-90) 

lastly,  for  Impeller  Uach  numbers  less  than  0.95,  pcR  »«dAp  are  re¬ 
stricted  to  0.6  and  0.7,  respectively,  so  that  equation  (VII-79)  reduces 
to 

»«!$£?<*  Al«8b>  •  U31  Mojud-O.OTSU^!)2^  (VIM1) 

The  variation  in  corrected  air  flow  capacity  with  design  for  maximum  ca¬ 
pacity  is  presented  in  Figure  VII-15  as  a  function  of  the  impeller  Mach 
number,  it  a  value  Mqot  of  1.1;,  the  conditions  of  design  for  maximum 
efficiency  coincide  with  those  for  maximum  capacity.  Design  for  maximum 
capacity  with  Impeller  Mach  numbers  less  than  unity  results  In  from  2  to 
2.5  times  as  much  flow  rate  as  with  design  for  maximum  efficiency,  the 
Impeller  tip  diameter  being  the  same  in  both  cases. 

Compromise  in  design  between  maximum  efficiency  and  maximum 
capacity  Is  achieved  by  employing  variations  in  the  flow  coefficient  in¬ 
termediate  to  those  shown  In  Figure  VXI-ll;.  As  may  be  seen  in  the  sub¬ 
sequent  discussion  dealing  with  the  variation  in  efficiency  with  flow 
coefficients,  the  flow  capacity  xt  various  prescribed  efficiency  levels 
may  be  established,  which  would  then  permit  construction  of  additional 
curves  on  the  plot  in  Figure  VII-15  and  allow  direct  selection  for  com¬ 
promise  in  design  of  efficiency  versus  size  of  the  machine. 

b.  Efficiency  and  Pressure  Coefficient 

The  operational  efficiency  level  of  a  radial  compressor  is 
primarily  a  function  of  the  flow  coefficient,  impeller  Mach  number  and 
machine  Reynolds  number,  and  secondarily  of  the  Inlet  diameter  ratio, 
clearances  and  general  mechanical  design  features  within  the  range  of 
conventional  design  practice.  A  study  of  efficiency  characteristics  for 
this  type  compressor  indicates  that  efficiency  correlated  as  a  function 
of  flow  coefficient.  Impeller  Mach  number,  machine  Reynolds  number  and 
Inlet  diameter  ratio  is  satisfactory  for  predicting  general  performance 
and  physical  characteristics.  Reynolds  number  and  inlet  diameter  ratio 
are  considered  as  secondary  factors  in  the  evaluation  of  efficiency. 

Typical  average  efficiency  variations  as  function  of  the 
flow  coefficient  and  Impeller  Mach  number  are  presented  in  Figure  VXX-16. 
All  data  in  this  plot  are  far  a  machine  Reynolds  number  of  10°  and  an  in¬ 
let  diameter  ratio  of  0.625.  Design  for  maximum  efficiency  based  on  a 
flow  coefficient  of  0.3,  as  used  in  the  preceding  sub-section  for  evalu¬ 
ation  of  flow  capacity,  may  be  seen  to  represent  an  average  value  far  the 
range  in  flow  coefficient  corresponding  to  peak  efficiency  at  various 
Impeller  Mach  numbers.  The  selected  variation  of  flow  coefficient  for 
design  with  maximum  flew  capacity ,  as  shown  in  Figure  VXX-ll;,  defines  an 
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Figure  VII-16.  Reference  efficiency  of  radial  compressor  as  function 
of  flow  coefficient  and  impeller  Mach  number. 


efficiency  level  of  approximately  8(#  of  that  for  a  flow  coefficient  of 

0.3. 

Correction  factors  to  be  applied  to  the  reference  efficiency 
shown  in  Figure  VII-16  for  machine  Reynolds  numbers  and  inlet  diameter 
ratios  other  than  lo6  and  0.625,  respectively,  are  presented  in  Figures 
VII-17  and  VII-18.  Thus,  for  any  values  of  flow  coefficient,  impeller 
Mach  number,  machine  Reynolds  number  and  inlet  diameter  ratio,  the  op¬ 
erating  efficiency  of  a  radial  compressor  is  evaluated  by 


(FCR-T)-Re )  (FCR-T)-\)  focR  -ref) 


(vn-92) 


The  machine  Reynolds  nvmber  for  any  operational  condition  of  the  com¬ 
pressor  is  defined  and  evaluated  in  the  following  manner.  The  Reynolds 
number  is  defined  as 


f.i.( 


Figure  vn-17.  Correction 
factor  for  effect  of  machine 
Reynolds  number  on  effi¬ 
ciency  of  radial  compressor. 
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Figure  VII-18.  Correction 
factor  for  effect  of  inlet 
diameter  ratio  on  efficiency 
of  radial  compressor. 


ReCR  *  PCRi  ^GRI  ^RI/^CRi  (VII-93) 


The  inlet  density  pqr^  is  defined  by  equation  (VII-77 )  when  divided  by 
the  dimensional  constant  g  equal  to  32 .2  pounds  per  slug.  The  absolute 
viscosity  of  air  is  a  function  of  the  inlet  static  temperature,  and  for 
the  temperature  range  -100°  to  1000°F  its  variation  may  be  quite  accu¬ 
rately  expressed  by  the  empirical  equation 

ti  •  U.16  x  1CT9  T0*72  (VII-9U) 

Combining  equations  (VII-70),  (VII-77),  (?II-93)  and  (VII-9U),  and  intro¬ 
ducing  the  definitions  of  corrected  pressure  S  and  corrected  temperature 
0  yields  a  generalized  expression  far  the  machine  Reynolds  number,  which 
is  for  air 

^CR^CRll^VtScRi^M)  '  5.9xl05UGEi[l-0.2(rcEliCHI)2]2‘5  (7H-9S) 


The  pressure  coefficient  of  a  radial  compressor  is  a  parame- 
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Figure  VII-19.  Chart  far 
evaluation  of  pressure 
coefficient  for  radial 
compressors. 
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ter  useful  far  evaluation  of  head  production  as  a  function  of  the  im¬ 
peller's  peripheral  speed.  It  is  defined  by 

rot  •  <W>6) 

The  ratio  of  the  pressure  coefficient  to  the  efficiency  of  a  radial  com¬ 
pressor  is  normally  referred  to  as  the  slip  or  circulatory  flow  coeffi¬ 
cient.  A  study  of  the  pressure  coefficient  as  affected  by  design  condi¬ 
tions  for  the  compressor  indicates  that  the  ratio  of  the  pressure  coeffi¬ 
cient  to  efficiency  may  be  correlated  as  a  function  of  the  flow  coeffi¬ 
cient  and  machine  Reynolds  number.  This  correlation  is  presented  in 
Figure  VII-19  <>  which  illustrates  that  evaluation  of  the  pressure  coeffi¬ 
cient  may  be  obtained  directly  once  the  efficiency  of  the  compressor  has 
been  defined. 

c.  Pressure  and  Temperature  Developed  by  Compressor 

The  ratio  of  the  total  pressure  at  the  exit  of  the  total 
pressure  at  the  inlet  of  a  compressor  handling  a  perfect  gas  is  related 
to  the  head  produced  by  the  compressor  according  to  the  expression 

“at  *  JcpTati  [<4te/PCBi)<k"1)A  -  l]  CVII-97) 

Introducing  this  relationship  into  equation  (VII-96),  substituting  for 
Cp  its  equivalent  Rk/ jj(k-l) J,  and  Introducing  the  definition  of  impeller 
Mach  number  by  equation  (VII-70),  yields 

'  Pote/Poti  *  [l  *  0'-1)f0RMCRl]k/(k‘1)  (VII-98) 

which  for  air  at  normal  atmospheric  temperatures  reduces  to 

pCRe^pCRi  ’  [1»°-‘>rcR'&l]3'S  (VH-99) 

The  total  pressure  developed  is  defined  directly  by  the  impeller  Mach 
number  once  the  pressure  coefficient  is  defined  according  to  the  proce¬ 
dures  outlined  in  the  previous  sub-section. 

Change  in  total  temperature  of  the  air  from  inlet  to  exit 
of  the  compressor  may  also  be  evaluated  from  the  impeller  Mach  number. 
Assuming  mechanical  losses  of  the  compressor  to  have  no  effect  on  the 
temperature  change  of  the  air  and  the  specific  heats  for  air  to  be  con¬ 
stant  from  inlet  to  exit*  the  efficiency  is  defined  by 

^CR  “  TCRi  [^CRe/PcRi^3’^"^/^^  ~TCRi^  (VII-100) 
which,  when  combined  with  equation  (VII=99),  reduces  directly  to 

tWtcbi  ■  1  ♦  °-wy aAaXa  <ra-101> 
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d.  Shaft  Power 

The  power  required  to  drive  the  compressor  equals  the  sum 
of  the  rates  of  energy  addition  to  the  air  passing  through  the  compressor 
and  required  to  overcome  mechanical  losses.  The  latter  portion  of  the 
energy  addition  is  assumed  to  be,  received  by  a  thermal  sink  other  than 
the  air  passing  through  the  compressor.  The  rate  of  energy  addition  to 
the  air  passing  through  the  compressor  is  defined  by  temperature  rise  of 
the  air  according  to  the  relationship 

PCR-atr  -  "OR  «p<T&*  -  TgRi)  (TII-102) 

The  mechanical  efficiency  of  the  compressor  is  defined  by 

TkjR-mh  *  pCR-air/pCR-sh  (VII-103) 

Thus,  the  rate  of  energy  addition  required  to  drive  the  compressor  is 

PCR-sh  “  WCR  cp(TCRe  "  TGRiVTlcR-mh  (VII-lOl*) 

or, 

PCR-sh  *  wCR^T0Re  “  TCRi)A10»6o°  ^CR-mh)  (VH-10$) 

The  Shaft  horsepower  may  also  be  expressed  as  a  function  of  the  impeller 
Mach  number  by  introduction  of  equation  (VII-101)  into  equation 
(VII-105),  which,  on  a  corrected  basis,  is 

PCR-sl/<"CR9?Ri)  -  (yWW’&lA51-05  V-ah)  (VII-106) 

e.  Rotational  Speed 

The  rotational  speed  of  the  compressor  is  related  to  the 
peripheral  speed  and  diameter  of  the  impeller  by  the  expression 

^RI  -  "^RlW720  (vn-107) 

which,  when  combined  with  equation  (VII-70)  and  the  definition  of  cor¬ 
rected  temperature,  yields 

("cr/iooo)  -  %i  f©&u/dcRi  (vn-108) 

f .  Physical  Characteristics 

Evaluation  of  radial  compressors  as  a  practical  compression 
component  in  aircraft  cooling  systems  requires  knowledge  of  their  size 
and  weight.  A  study  of  existing  practice  in  small  compressor  design  in¬ 
dicates  that  approximate  relationships  may  be  established  to  define  these 
characteristics.  The  maximum  external  diamster  of  a  small  radial  com¬ 
pressor  is  approximately  twice  the  impeller  diameter,  ■» 
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(vn-io?) 


<*CRex  *  2dCRI 

and  the  maximum  axial  width,  including  the  impeller  housing,  is  about 
0.3 -of  the  impeller  diameter,  i.e., 

bCR  -  0.3  (vn-110) 

The  hub-to-tip  diameter  ratio  of.  the  impeller  is  selected  as  0.25  and 
the  inlet  diameter  ratio  is  a  function  of  the  type  of  design.  Evalu¬ 
ation  of  the  inlet  diameter  ratio  is  discussed  in  the  preceding  sub¬ 
section  (la). 

Spatial  requirements  of  radial  compressors  have  been  deter¬ 
mined  to  be  represented  approximately  by  the  expression 

7cr  ■  <‘JCRI>3  (vn-ui) 

The  weight  is  defined  approximately  by 

WCR  •  °CR^0Rl)3 

where  CqR  represents  an  average  bulk  density  and  has  been  found  to  be 
from  about  0.02  to  0.075  pound  per  cubic  inch,  depending  upon  the  size 
and  general  design  features  of  the  unit.  In  general  the  larger  the  unit 
the  lower  will  be  the  value  of  CqR. 

g.  Evaluation  Procedures 

A  general  discussion  cf  procedures  for  use  of  the  previously 
presented  evaluation  methods  is  presented  in  the  subsequent  paragraphs. 
The  intent  is  not  to  present  details  for  calculation,  but  to  indicate 
generally  the  procedures  of  evaluation  which  would  be  employed  when  a 
radial  compressor  is  vised  in  connection  with  an  aircraft  cooling  system. 
Also,  when  used  for  evaluation,  working  charts  may  be  used  to  permit  re¬ 
duction  of  the  number  of  steps  in  the  process. 

With  many  applications  for  radial  compressors,  the  perform¬ 
ance  characteristics  of  the  driving  device  would  be  known  or  previously 
evaluated.  Thus,  the  total  pressure  and  temperature  at  inlet  to  the 
compressor,  weight  flow  rate  of  air  and  driving  power  would  be  known  and 
represent  independent  variables  of  analysis .  The  problem  would  be  to 
determine,  then,  the  performance  and  physical  characteristics  of  a  radial 
compressor  operated  with  the  specified  driving  power  and  handling  the 
necessary  air  flow  rate  at  the  specified  inlet  total  pressure  and  tem¬ 
perature.  First,  a  value  of  the  ratio  ("FAOqr  would  be  assumed,  using 
the  plot  shown  in  Figure  VII-19  as  a  guide  to  the  selection  of  a  typical 
value.  The  mechanical  efficiency  of  the  compressor  is  assumed  next.  Its 
value  must  be  taken  as  representative  for  small  radial  compressors,  com¬ 
monly  and  cannot  be  verified  as  to  its  accuracy  in  the  subsequent 
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evaluation  steps.  The  required  Impeller  Mach  number  may  now  be  deter¬ 
mined  by  equation  (711-106) .  The  values  of  the  flow  coefficient  tf>  ^ 
and  inlet  diameter  ratio  Aqr  are  determined  from  a  working  chart,  such 
as  illustrated  in  Figure  711-14,  based  on  the  selected  condition  of  de¬ 
sign,  i.e.,  either  maximum  efficiency  or  capacity,  or  ary  selected  com¬ 
promise  between  efficiency  and  capacity,  and  the  value  of  the  impeller 
Mach  number.  Then,  the  required  impeller  diameter  is  defined  from  the 
value  of  the  parameter  employed  as  the  ordinate  of  the  air  capacity 
chart,  Figure  711-15.  Next,  the  machine  Reynolds  number  would  be  evalu¬ 
ated,  by  equation  (711-95)#  which  permits,  thereafter,  direct  evaluation 
of  the  efficiency  T]  qr  and  the  pressure  coefficient Ycr  by  equation 
(711-92)  and  the  charts  illustrated  in  Figures  711-16,  711-17,  711-18 
and  711-19 «  At  this  point  along  the  evaluation  process,  the  accuracy  of 
the  value  of  ( ifr/Tj )cR  at  the  beginning  of  the  process  would  be 

checked.  When 'the  assumed  value  of  this  ratio  and  the  value  given  by 
Figure  711-19  are  not  in  agreement,  it  is  necessary  to  assume  a  new  value 
of  the  ratio  and  repeat  the  evaluation  process.  Once  this  trial-and-er- 
ror  procedure  is  completed,  the  total  pressure  and  total  temperature  ra¬ 
tios  of  the  air  developed  by  the  compressor  are  defined  directly  by  equa¬ 
tions  (711-99)  and  (711-101).  The  rotational  speed  of  the  impeller  is 
determined  by  equation  (711-108).  External  diameter,  axial  width,  volume 
occupied  and  weight  of  the  compressor  would  be  evaluated  by  equations 
(711-109),  (7II-110) ,  (7IX-111)  and  (711-112),  respectively.  Compromise 
in  design  between  units  operating  at  maximum  efficiency  or  maximum  ca¬ 
pacity  is  obtained  by  selecting  other  combinations  of  inlet  diameter  ra¬ 
tio  and  flow  coefficient  between  the  limits  indicated  on  the  plot  of  Fig¬ 
ure  711-14. 


Should,  in  addition  to  inlet  total  pressure  and  temperature 
and  shaft  power,  the  rotational  speed  of  the  compressor  be  specified,  as 
for  example,  when  a  driving  device  must  operate  at  maximum  efficiency  and 
its  rotational  speed  is,  therefore,  specified,  the  evaluation  process 
would  be  identical  to  that  previously,  outlined  through  the  step  defining 
the  impeller  Mach  number.'  From  values  of  the  rotational  speed  and  im¬ 
peller  Mach  number,  the  impeller  diameter  is  defined  by  equation 
(711-108).  Next,  the  ordinate  parameter  for  the  chart  of  Figure  711-15 
would  be  evaluated  from  the  known  values  for  the  air  rate,  impeller  di¬ 
ameter  and  inlet  total  pressure  and  temperature .  The  value  of  this  pa¬ 
rameter  and  the  value  of  the  impeller  Mach  number  locate  a  point  on  the 
flow  capacity  chart  of  Figure  711-15.  If  the  point  so  defined  falls 
above  the  line  for  maximum  capacity  and  the  impeller  Mach  number  is 
greater  than  0.95,  the  relative  Mach  number  at  the  inlet  of  the  impel¬ 
ler’s  vanes  for  this  design  would  be  excessive.  Then,  either  the  com¬ 
pressor  would  not  be  capable  of  handling  the  specified  air  rate  because 
the  required  Mach  number  at  inlet  would  be  supersonic,  or  it  would  be 
within  the  transonic  range  where  the  expected  efficiency  would  be  low 
and  the  capacity  somewhat  reduced.  Under  these  circumstances  of  design, 
the  on3y  alternatives  would  be  (l)  redesign  of  the  driving  device  to  al¬ 
low  reduction  of  the  rotational  speed  so  that  the  impeller  diameter  may 
be  increased,  hence,  increasing  the  size  of  both  compressor  and  driving 
device,  (2)  the  use  of  stationary  guide  vanes  at  the  inlet  Of  the  com- 
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pressor  so  as  to  prerotate  the  air  in  the  direction  of  the  impeller  rota¬ 
tion  and  permit  greater  axial  flow  velocity  without  incurring  excessive 
relative  Mach  numbers  of  flow  over  the  inlet  vanes,  a  design  approach 
which  can  increase  the  flow  capacity  from  5  to  1*05?  over  the  impeller  Mach 
number  range  0.6  to  1.U,  but  creates  7  to  8%  loss  in  head-producing  abil¬ 
ity  and  several  percent  loss  in  efficiency  of  the  unit,  or  (3)  to  actu¬ 
ally  emplqy  the  design  even  though  the  relative  Mach  number  is  within  the 
transonic  region  and  efficiency  and  flow  capacity  are  reduced.  If,  with 
rotational  speed  specified,  the  design  condition  defines  a  point  in  Fig¬ 
ure  711-15  above  the  maximum  capacity  line  but  the  impeller  Mach  number 
is  less  than  0.9$,  the  capacity  may  be  increased  by  methods  (1)  and  (2) 
described  above,  or  by  increasing  the  flow  coefficient  until  the  limit¬ 
ing  inlet  Mach  number  of  0,9  is  reached.  The  latter  method  appreciably 
reduces  the  efficiency  and  pressure-producing  ability  of  the  compressor, 
but  serves  to  define  a  c empress or  capable  of  handling  the  air  flow  at  the 
specified  rotational  speed.  The  maximum  permissible  value  far  the  flow 
coefficient  is  defined  by  equation  (VII-88),  and  the  flow  capacity  by 
equation  (711-79)  using ACR  equal  to  0.7. 

When  design  with  rotational  speed  specified  defines  a  point 
on  the  chart  of  Figure  711-15  between  the  lines  of  maximum  capacity  and 
maximum  efficiency,  the  specified  conditions  dictate  design  based  on 
compromise  between  capacity  and  efficiency.  Figure  711-31*  would  be  used 
as  a  guide  in  selecting  an  appropriate  inlet  diameter  ratio  and  then  the 
required  flew  coefficient  may  be  calculated  from  equation  (711-79).  Here¬ 
after  the  procedure  for  evaluation  would  be  identical  to  that  Outlined 
when  the  rotational  speed  is  not  specified *  Should  the  point  in  Figure 
711-15  fall  below  the  line  corresponding  to  maximum  efficiency,  it  would 
indicate  that  the  specified  rotational  speed  dictates  the  use  of  a 
greatly  oversized  compressor  and  driving  unit,  and  redesign  of  the  driv¬ 
ing  unit  would  be  desirable  to  increase  the  rotational  speed. 

For  another  type  of  application  a  radial  compressor  might 
be  required  to  develop  a  specified  total  pressure  ratio  at  specified 
values  of  the  air  rate  and  inlet  total  pressure  and  temperature,  as  far 
example,  a  pressurization  unit.  The  procedure  far  design  and  evaluation 
would  be  to  assume  a  value  for  the  pressure  coefficient  Jr^  and  to  deter¬ 
mine  from  equation  (711-99)  the  required  impeller  Mach  number.  Next, for 
the  selected  condition  of  design,  maximum  efficiency,  maximum  capacity, 
or  compromise  between  maximum  efficiency  and  capacity,  the  required  im¬ 
peller  diameter  is  defined  fran  the  working  chart  illustrated  in  Figure 
711-15,  after  which  the  machine  Reynolds  number  is  evaluated  by  equation 
(711-95).  This  permits  evaluation  of  the  efficiency  and  pressure  coef¬ 
ficient  by  use  of  Figures  711-16,  711-17,  711-18  and  711-19  and  equation 
(711-92).  The  correctness  of  the  assumed  value  of  the  pressure  coeffi¬ 
cient  would  then  be  checked  to  determine  if  the  calculatlonal  process 
should  be  repeated.  After  the  assumed  and  calculated  values  are  in 
agreement,  the  evaluation  process  to  define  additional  performance  and 
the  physical  characteristics  follows  the  general  procedure  outlined  in 
the  previous  paragraphs,  except  for  the  required  shaft  power  which  would 
be  defined  by  equation  (viI-106). 


2.  Axial  Compressors 

The  study  of  aircraft  cooling  systems  in  general  requires 
knowledge  of  the  performance  and  physical  characteristics  of  axial  com¬ 
pressors*  In  the  following  the  relationships  for  evaluation  of  perform¬ 
ance  and  physical  characteristics  for  this  type  machine  are  described  * 

Because  of  its  relatively  high  flow  capacity  and  pressure-pro¬ 
ducing  ability,  the  symmetric  type  of  stage  design  will  be  employed* 
Symmetric  design  may  be  defined  on  the  basis  of  the  flow  velocities  at 
the  pitch  diameter  of  the  compressor  as  follows*  the  relative  flow  ve¬ 
locity  at  the  impeller  inlet  equals  the  absolute  flow  velocity  at  the 
impeller  outlet,  and  the  relative  flew  velocity  at  the  impeller  outlet 
equals  the  absolute  flow  velocity  at  the  impeller  inlet.  In  equation 
form, 

UCAIi-pt  “  uCAIe-pt  (VII-113) 

and 

UCAIe-pt  *  ^Ali-pt  (VII-llU) 

In  Figure  VII-20  a  schematic  diagram  of  the  blading  arrangement  is  pre¬ 
sented  along  with  nomenclature  and  velocity  diagrams. 

The  axial  flow  velocity  is  assumed  constant  throughout  the 
stage.  Since  the  absolute  velocities  at  the  impeller  inlet  and  exit  are 
equal  to  the  absolute  velocities  at  the  stater  exit  and  inlet,  respec¬ 
tively,  the  analysis  is  conducted  on  basis  of  the  flow  velocities 
throughout  the  impeller „  Further,  the  analysis  is  performed  on  basis  of 
the  pitch-diameter  conditions  of  the  first  stage,  and  the  remaining 
stages  are  assumed  to  have  similar  pressure-producing  and  efficiency 
characteristics „ 

a.  Flow  Capacity 

The  effective  velocity  with  which  the  flow  proceeds  through 
the  compressor  may  be  defined  as  the  axial  component  of  the  absolute  ve¬ 
locity  at  the  impeller  entrance.  This  velocity  may  be  defined  in  terms 
of  the  flow  coefficient  by  the  expression 

uCAIi-a  "  fCk  uCAI-pt  (VH-llS) 

Maximum  compressor  efficiency  occurs  for  values  of  the  flow  coefficient, 
ipn in  the  vicinity  of  0.5,  with  small  change  in  efficiency  occurring 
when  the  flow  coefficient  varies  over  the  range  of  0.3  to  0.75 *  In  this 
study  it  is  assisted  that  the  flew  coefficient  is  permitted  to  vary  over 
the  range  of  0.3  to  0,75  far  purposes  of  matching  the  compressor  rota¬ 
tional  speed  to  the  rotational  speed  of  the  driving  component.  The  ef¬ 
fective  flow  area  may  be  expressed  by  the  equation 
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Entrance  Guide  Vanes 


Impeller  (Rotor) 


Stator 


Combined  Vector  Diagram 


Figure  VX1-20.  Schematic  diagram  of  axial  compressor 
blading,  Telocity  diagrams  and  nomenclature* 


*CA  “  (nA)(d^T-pf.)^  "  VCA^  (VII-’116) 

From  conservation  of  energy,  the  static  temperature  of  the 
air  at  entrance  to  the  impeller  may  be  expressed  by 

TCAIi-pt  "  TCii  [X  ”^GA.uCAIi-pt/ (28JcpTCMi  COfl2  T  CAIe~pt)]  (VII-117) 

Neglecting  the  small  pressure  loss  caused  by  inlet  guide  vanes,  the 
static  pressure  at  entrance  to  the  impeller  may  be  expressed  by 

•  P&a[1'»’§Au?4I-pt/^6JcpT8!u  00,2  r04Ie-pt)]3"^  tTn-“8) 

Hence,  by  combining  equations  ( VII-117)  and  (VII-118),  the  specific 
weight  at  entrance  to  the  impeller  may  be  expressed  by 

Tciii-pt  •  *’oi”cii-pt/(2e'IcpIau  ««2raie-pt)]  '  (vn-u?) 


The  flow  capacity  of  the  axial  compressor  may  then  be  defined  by  com¬ 
bining  equations  (VII-115),  (VII-116)  and  (VII-119)  with  the  equation  of 
continuity  to  yield 


w  T9, 


'CAi  ,  %  ^GAuCAI-pt 

SCAidCiI-pt  f®CAi 


1- 


fCk  ^Al-pt 


6  .abclO^gj^cos^Qj^.pt 


2.5 


(vjl- 120) 


With  reference  to  Figure  VII-20,  the  angle  of  the  mean  velocity  relative 
to  the  axial  direction  is  equal  to  the  arc  tan  (l/2  ipQ^)»  The  turning 
angle  of  the  air  at  the  pitch  diameter,  i.e.,  T -  TcAle-nt*  nor¬ 
mally  has  a  maximum  permissible  value  in  the  range  of  20°  to  30®  to  pre¬ 
vent  stalling  of  the  blades  at  the  root  section.  Hence,  the  angle  in 
equation  (VII-120)  may  be  evaluated,  with  negligible  error  on  the  flow 
rate,  by  the  expression 

rGAIe  *  ^arc  tan  V2  9  cm)  ”  1^>  (VII-121) 

which  corresponds  to  a  blade  turning  angle  of  approximately  25°.  By  sub¬ 
stituting  equation  (VII-121)  into  equation  (VII-120)  an  expression  for 
the  flow  handling  capacity  of  the  compressor  is  defined,  where  the  flow 
parameter  on  the  left  of  equation  (VII-120)  becomes  a  function  of  the 
corrected  pitch  line  speed  of  the  blades  UcjLl-pt/f®Si s  the  flow  coeffi¬ 
cient  (p CM  and  the  hub- to- tip  diameter  ratio  Selection  of  a  value 

far  the  ratio  is  required,  and  the  value  selected  normally  would  be 
the  result  of  a  compromise  between  flow  capacity,  efficiency  and  stress 
level  of  the  compressor.  Typical  values  of  the  diameter  ratio  v  are 
within  the  range  of  0.55  to  0.7,  with  a  value  of  about  0.6  being  com¬ 
monly  employed. 
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b.  Rotational  Speed 


4 


The  rotational  speed  required  of  an  axial  compressor  is  re¬ 
lated  to  the  pitch  diameter  and  pitch  line  speed  of  the  blades  by  the 
expression 

^CA  ■  229  ^CAi-pt/dcAI-pt  (  VII-122) 

By  use  of  equation  ( VII-122)  the  impeller  pitch  diameter  and  pitch  line 
blade  velocity  may  be  evaluated  for  any  selected  value  of  the  flow  fac¬ 
tor  and  diameter  ratio,  when  the  inlet  total  temperature  and  pressure, 
the  required  rotational  speed  and  the  required  flow  rate  are  known. 

c.  Pressure  Development 

With  reference  to  Figure  VII-2'0,  the  increase  in  static  tem¬ 
perature  within  the  impeller  equals  the  kinetic  energy  decrease  from  the 
relative  velocity  at  entrance  to  exit  of  the  impeller,  and  the  static 
temperature  increase  within  the  stator  equals  the  kinetic  energy  decrease 
from  the  absolute  velocity  at  entrance  to  exit  of  the  stator.  Further¬ 
more,  these  two  energy  changes  are  equal  and  the  absolute  air  velocity 
leaving  the  stator  is  equal  to  the  absolute  air  velocity  entering  the 
rotor.  Hence,  the  increase  of  static  temperature  across  the  stage  is 
equal  to  the  increase  in  total  temperature.  Thus,  by  introducing  equa¬ 
tion  (VII-11!?)  the  total  temperature  rise  of  the  stage  may  be  expressed 

*CU-at  -  igu-st  •  [?§A'4l-pt/6010]  [te^roui-Wro*!.]  (TO-123) 
From  the  geometry  of  the  velocity  diagram,  it  can  be  shown  that 


if  CA  ■tan  rCAIi  "  1  “  fCk  tan  r  dale 


(VH-12U) 


Combining  equations  (VII-123)  and  (VII-12U)  yields 

Tgle-at  -  T8u-at  •  [-^I-pt/H  ~  2  ‘POi  r0Ue]  (VH-125) 

The  total  temperature  ratio  for  the  stage  is  related  to  the  total  pres¬ 
sure  ratio  developed  by  the  stage  by  the  expression 

T8le-at/T8li-st  ■  1  *  [<Pgle-at/P«U-st>0'286  -  ^/"aA-at 


Combining  equations  (VII-12J?)  and  (VII-126)  and  solving  for  the  pressure 
ratio  yields 


u%AI-pt  ^CA-st 
3.12X106  Sga.Bt 


1-2  fQi  tan  T 


(VII-127 ) 


Since  the  pressure  ratio  is  assumed  equal  for  all  stages*,  the  overall 
compressor  pressure  ratio  is  defined  by 


WADC  TR  5U-35? 


159 


I* 


**^W3£, 


l&AV  -  (Pa»e-3t/Pcii-«t)K“'at  (’H-120) 

The  maximum  stage  pressure  ratio  is  limited  by  stalling  of 
the  blades  at  the  root  section  and  by  the  Mach  number  of  flow  relative 
to  the  blades  at  the  tip  section.  Stalling  of  the  blading  is  a  function 
of  the  air  turning  angle.  In  this  study  the  limiting  turning  angle  will 
be  represented  by  the  limit  of  the  air  exit  angle  relative  to  the  rotor 
as  given  by  equation  (VII-121).  The  Mach  number  relative  to  the  blades 
at  the  tip  Section  is  limited  to  0.7.  This  limit  is  used  to  define  the 
maximum  permissible  tip  speed  of  the  impeller. 

d.  Temperature  Ratio 

The  stage  temperature  ratio  is  defined  by  equation 
(VII-126),  and  since  the  pressure  ratio  and  efficiency  for  all  stages 
have  been  assumed  equal,  the  total  temperature  ratio  developed  by  (N) 
stages  can  be  expressed  by 

TG*eAeU  •  {l  +  [(POie-st/Pal-st)0,286-  (VII-129) 

e.  Power 

The  power  required  to  drive  the  compressor  equals  the  sum 
of  the  rates  of  energy  addition  to  the  air  while  passing  through  the 
compressor  and  the  energy  rate  required  to  overcame  mechanical  losses. 

The  latter  portion  of  the  energy  addition  is  assumed  to  be  received  by 
a  thermal  sink  other  than  the  air  passing  through  the  compressor.  The 
rate  of  energy  addition  to  the  air  passing  through  the  compressor  is  .de¬ 
fined  by  the  total  temperature  rise  of  the  air  according  to  the  relation¬ 
ship 


^CA-air  •  "CA  cp<T&L.  *  TCSU>  (VII-130) 

The  mechanical  efficiency  is  defined  by 

^CA-mh  "  ^CA-air/^CA-sh  .  (VII-131) 

Thus,  the  rate  of  energy  addition  required  to  drive  the  compressor  is 
defined  by 


^CA-sh  m  WCA  cp(TCAe  “  ^Sgi^^CA-mh  (VII—132) 

Equation  (VII-132)  may  be  reduced  to  the  corrected  horsepower  required 
per  pound  of  air  per  hour  and  assumes  then  the  form 

rCkst/<'!Ct$ki)  •  0.0W  [(Tgie/Tg^)  -  lj/n^  (VII-133) 
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f .  Stage  Efficiency 

The  stage  efficiency  of  the  compressor  is  primarily  a  func¬ 
tion  of  the  machine  Reynolds  number  and  stage  pressure  ratio*  The  Rey¬ 
nolds  number  may  be  expressed  by  the  equation 

r«CaA8a1  -  ^CJLl-ti/pCAI-t^Sii1,72]  (VII-13li) 

As  the  pressure  ratio  is  increased;  the  air  turning  angle  and/or  the 
relative  Mach  number  of  the  air  at  the  tip  section  increases;  either  or 
both  creating  a  decrease  in  the  efficiency. 

go  Physical  Characteristics 

-t 

Evaluation  of  axial  compressors  for  application  in  aircraft 
cooling  systems  requires  knowledge  of  their  size  and  weight.  A  study  of 
existing  design  practice  indicates  that  approximate  relationships  may  be 
established  to  define  these  characteristics.  The  maximum  external  dimen¬ 
sion  in  the  plane  of  rotation  may  be  defined  roughly  by  the  equation 

■Star  .  1.25  (7X1-135) 

Ordinarily;  flow  passages  forming  the  inlet  and  outlet  of  the  compressor 
will  have  an  axial  length  roughly  equal  to  the  impeller  tip  diameter. 

Each  stage  of  the  compressor  will  have  an  axial  length  of  approximately 
20 %  of  the  tip  diameter  and  the  entrance  guide  vanes  will  have  an  axial 
length  of  roughly  105?  of  the  tip  diameter.  Thus,  the  axial  length  of 
the  compressor  may  be  represented  by  the  expression 

ICA-a  ■  <1-1  +  0.20  Ncj^BtKAJ-tp  (VII-1  36) 

The  spatial  requirements  of  the  compressor  may  be  approximated  by  com¬ 
bining  equations  (VII-135)  and  (VII-136)  to  yield 

*0*  •  (1.35  *  0.25  NoA-gtKil-tp  (VII-137) 

The  bulk  density  of  a  typica1  unit  is  estimated  to  be  approximately  0„02 
pound  per  cubic  inch.  Her  3,  the  weight  is  expressed  by 

«0A  ■  (°-r  '  0.005  ScA_st)aS2i_tp  (vn-138) 


Turbines 


Turbines  are  employed  in  cooling  systems  for  reduction  of  the  total 
temperature  of  cooling  media,  principally  air,  by  expansion  of  the  gas 
and  transfer  of  energy  from  the  gas  as  mechanical  work.  Also,  turbines 
would  be  employed  as  a  power  source,  such  as  an  air  turbine  driving  a 
circulation  pump  or  a  Vapor  cycle  refrigeration  machine.  The  principal 
association  of  a  turbine  with  a  cooling  system,  however,  would  be  as  a 
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mechanical  device  for  transferring  energy  from  air  as  work;  when  It  is 
less  practical  to  transfer  the  energy  as  heat.  In  the  following^  work¬ 
ing  methods  are  presented  for  evaluation  of  the  performance  and  physical 
characteristics  of  radial  inflow  and  axial  turbines. 


1.  Radial  Turbines 


Radial  turbines  of  the  inward-flow  type  and  with  straight  radial 
vanes  are  considered.  Figure  VII-21  illustrates  schematically  the  ar¬ 
rangement  of  the  nozzle  ring  and  impeller  for  such  a  radial  turbine. 


Rotation 


Figure  VII-21.  Schematic  of  typical  radial  turbine  having  radial  blades. 

The  velocity  diagrams  at  inlet  and  exit  of  a  radial-vaned  im¬ 
peller  are  illustrated  in  Figure  VII-22.  The  exit  design  is  based  on 
the  condition  of  pure  axial  discharge. 


^tRIi 


Figure  VH-22.  Velocity  diagrams  at  inlet  and  exit  of  radial-vaned 
impeller  having  axial  discharge. 

Energy  conversion  within  the  turbine  occurs  in  the  stationary 
nozzles  and  in  the  rotating  impeller.  Thermal  energy  is  converted  into 
directed  kinetic  energy  within  the  nozzle  and  is  defined  by 
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the  energy  change  across  the  turbine  can  be  expressed  by  combining  equa¬ 
tions  (VII-139),  (Vll-UiO),  (VII-llil)  and  (VII-li;2)  to  yield 

■'•oRi  ”  ^oRe  "  (2>4l  *  CVXI-1U3) 

The  total  temperature  at  exit  of  the  turbine  is  related  to  the  actual 
exit  temperature  and  flow  velocity  by 

+  “lie/2*^  (TII-HA) 

so  that  in  combination  with  equation  (VTI-lii3)>  the  total  temperature 
change  of  the  gas  from  inlet  to  exit  of  the  turbine  is  expressed  by 

T4i-T«e  -  4l/«*V  <«*1W) 

By  definition  of  turbine  efficiency,  the  relation  between  total  tempera¬ 
ture  ratio  and  total  pressure  ratio  across  the  turbine  may  be  shown  to  be 

TtRe/TiRi  *  1  "  “  (P?Re/p?Ri^  ^  ]  (VII-1U6) 

Hence,  combination  of  equations  (YII-lli£)  and  (VII-1U6)  yields  a  defini¬ 
tion  of  the  required  tip  speed  of  the  impeller  as  a  function  of  the  inlet 
temperature  and  pressure,  exit  pressure  and  turbine  efficiency. 

<4l  ■  g*pH-*T%i[l  -  <Plle/P%ti>(k'*)A]  (VII-1U7) 

The  ratio  of  impeller  tip  speed  to  the  turbine’s  theoretical 
spouting  velocity  cb^  is  a  parameter  conventionally  employed  to  define 
the  range  of  maximum  turbine  efficiency.  The  theoretical  spouting  ve¬ 
locity  is  a  measure  of  the  total  energy  released  within  the  turbine  and 
is  defined  by 

theo.  velocity  •  y2*v%u.[i  -  (vn-iu8) 
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Thus,  by  equations  (Vll-lltf)  and  (VU-ll*8) 


(VII-1 10) 


9 


Test  results  of  various  radial  turbines  indicate  that  the  value  of  the 
parameter  4^  corresponding  to  maximum  efficiency  is  in  the  range  from 
0.6  to  0.7,  with  the  value  of  0.7  corresponding  to  higher  machine  effi¬ 
ciencies.  -:Sj> 

The  flew  coefficient  of  a  radial  turbine  is  defined  as  the  ra¬ 
tio  of  the  axial  component  of  the  exit  velocity  to  the  impeller  tip 
speed,  i.e.. 


r*  ■  'Wmi  (vii-i$o) 

This  parameter  is  useful  for  evaluating  the  air  capacity  of  the  turbine. 
Studies  of  the  effects  of  the  flow  coefficient  on  turbine  performance, 
References  VH-11*  and  711-12,  indicate  that  maximum  efficiency  occurs 
when  the  flow  coefficient  is  within  the  range  of  0.3  to  0.5*  In  the 
present  study  the  value  of  the  flow  coefficient  is  assumed  to  have  no 
effect  on  the  turbine  efficiency  since,  in  general,  it  is  possible  to 
design  the  turbine  to  operate  within  the  mentioned  range.  The  rota¬ 
tional  speed  required  of  the  turbine  varies  directly  as  the  square  root 
of  the  flow  coefficient  fer  any  specified  flow  rate,  expansion  pressure 
ratio,  and  fixed  geometry  of  the  impeller. 

The  impeller's  diametrical  proportions  may  be  defined  in  terms 
of  the  impeller  tip  diameter.  The  hub  diameter  is  assumed  equal  to  20 % 
of  the  tip  diameter.  Thus, 


■  0.20 


(VII-151) 


Examination  of  existing  impeller  designs  indicates  the  ratio  of  0.20  to 
be  representative.  The  outer  diameter  at  the  turbine  exit  plane  is  de¬ 
fined  by 

Ne  ■  'WdlRI  (vxi-152) 

Present  design  practice  indicates  that  values  of  this  diameter  ratio 
should  be  within  the  range  of  0.3  to  0.7.  Variation  in  design  from  the 
average  of  this  range  would  be  governed  by  matching  the  turbine  perform¬ 
ance  to  that  required  of  the  component  operating  as  the  load  for  the 
turbine.  A  study  indicates  that  variation  of  the  diameter  ratio 
within  the  range  0.3  to  0.7  has  little  or  no  effect  on  the  turbine  effi¬ 
ciency. 


O 

o 


The  flow  capacity  of  a  radial  turbine  is  limited  ty  the  impel¬ 
ler  dimensions  and  the  permissible  velocity  at  the  turbine  exit.  The 
exit  velocity  is  assumed  to  be  axial  and  uniform  throughout  the  exit 


I6h 
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flow  area.  The  exit  flow  area  is  defined  toy 

ArSe  "  (jrAKd^A^  -  0.22)  (VII-1$3) 

The  specific  weight  of  the  air  at  the  exit  of  the  turbine  Is  defined  toy 

M*  •  (wte)*.  (Til-la) 

For  convenience  of  analysis  and  evaluation,  the  exit  temperature  and 
pressure  are  expressed  in  terms  of  the  turbine  inlet  total  temperature 
and  pressure.  The  ratio  of  total  to  static  temperature  at  exit  of  the 
turbine  is 

TWNBe  ’  P-fie  ’  1  +  °-2  >4.  (TXX-155) 

which,  when  combined  with  equation  (VII-1U6),  yields 

-  T%ii  {i  -  tha[i  -  (pVe&i)V3‘S|/f>-fi.  (vn-i£6) 


Also, 


R*.  ■  W1MS7) 

Combining  equations  (Vll-lgO) ,  (VII-1?5)  and  (VII-156)  yields 

*%L  ^[^(Pie/pW^] 


VP 


TRe 


1  - 


a{i-^[x-  (pypWV3'!]} 


(vil-158) 


The  specific  weight  may  then  be  expressed  as  a  function  of  the  inlet 
conditions  toy  combining  equations  CVII-l^it),  (VII-156)  and  (VII-157)* 
Thus. 


^ifie  " 


RT?Ri{-L”1l'«  (j  “  ^P&e/P?Ri^3*^ 

1  C1  ~ 

2  {i^[i-(pyp^3^ 


T2.5 


(VII -1$9) 


The  flow  rate  in  pounds  per  hour  is  expressed  toy  the  Steady- 
state  equation  of  continuity, 

wtR  "  3600  (  yAu)^e  (VH-160) 

which  with  equations  (VII-l^O),  (VII-1^3)  and  (VII-159)  reduces  to 
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(VII-161) 


The  variation  in  corrected  air  f  loto  capacity  per  square  inoh  of  impeller 
frontal  area  is  presented  in  Figure  VII-23  as  a  function  of  the  total 
pressure  ratio  and  the  flow  coefficient  (f^3  assuming  the  turbine  effi- 


Figure  VII-23.  Chart  for  evaluation  of  flow  capacity  or  impeller 

diameter  of  radial  turbines. 


Figure  VII-2l*o  Correction 
factor  for  evaluation  of 
the  effect  of  the  impeller 
diameter  ratio  on  the  re¬ 
quired  impeller  diameter 
of  radial  turbines. 
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ciency  to  be  8<#  and  A^r  as  0.6.  Peer  values  of  A^  different  than  0.6, 
the  value  of  the  ordinate  read  from  Figure  711-23  must  be  multiplied  by 
-0.0U)/0.32.  Numerical  values  of  this  diameter  correction  factor 
P^R-d-A  are  presented  in  Figure  711-21*.  Similarly,  for  turbine  effi¬ 
ciencies  different  than  8C#  the  correction  factor  F^_d_^  to  be  ap¬ 
plied  to  the  impeller  diameter  is  presented  in  Figure  VII-2$  as  function 
of  the  total  pressure  ratio*  Since  the  diameter  ratio  and  the  effici¬ 
ency  correction  factors  are  independent  of  each  other,  the  impeller  di¬ 
ameter  may  be  evaluated  as  the  product  of  the  reference  diameter,  the 
diameter  ratio  correction  factor,  and  the  efficiency  correction  factor, 
i  .e . , 

dT$I  "  ^dTfiI-ref^F'tR-d-A^FnS-d-*q )  (VII-162) 


Figure  711-25.  Correction  factor  for  evaluation  of  the  effect  of 
efficiency  on  the  impeller  diameter  of  radial  turbines. 

The  flow  capacity  with  the  nozzles  operating  under  "choked 
flow"  must  be  evaluated  to  determine  its  effect  on  the  design  procedure. 
Choking  occurs  when  the  throat  velocity  of  the  nozzles  becomes .  nearly 
sonic.  This  condition  is  expressed  approximately  by 

u^n  -  fw  "  ^RlC^BIi/^Rl)  (711-163) 

where  the  ratio  u«Rx/uiRIi  is  the  cosine  of  the  nozzle  angle.  If  the 
impeller  tip  speed  defined  by  this  equation  is  substituted  into  equa¬ 
tion  (711-11*7 ) ,  the  overall  turbine  pressure  ratio  for  sonic  nozzle  ve¬ 
locity  is 

?WpiRi  "  “  [(uTRl/uTRIi)2/3  „]}3  5  (711-161*) 

For  nozzle  angles  of  zero  and  30°  the  required  turbine  pressure  ratios 
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are  0»1$1  and  0.26?,  respectively.  Inspection  of  Figure  VII-23  reveals 
that  these  values  are  in  the  range  of  decreasing  flow  capacity^  hence, 
once  sonic  nozzle  velocity  is  reached,  the  nozzle  width  or  the  nozzle 
angle  may  be  decreased  as  the  pressure  ratio  is  increased.  Thus,  chok¬ 
ing  of  the  nozzles  is  not  a  determining  factor  far  the  turbine  flow  ca¬ 
pacity. 


An  expression  for  the  nozzle  width  may  be  derived  by  equating 
the  flow  through  the  nozzle  to  the  flow  through  the  exit.  Since  the  in¬ 
ner  diameter  of  the  nozzle  ring  is  nearly  equal  to  the  impeller  diameter, 
the  flow  equation  may  be  expressed  by 

2Tli  %i  *  dTftl  *  y tRs  Siie  n  dTRl[*4l  “  0.0^y/lt 


Or,  the  ratio  of  the  nozzle  width  to  the  impeller  diameter  is 

k-dln  ■  *  FtRo  utRs  ^  "  O.OliJ  j (h  (VII-165) 


For  very  small  pressure  ratios  the  specific  weight  of  the  air  at  the  in¬ 
let  would  be  nearly  equal  to  the  specific  weight  at  the  exit.  At  this 
condition,  the  nozzle  width  would  be  a  maximum  for  any  ratio  of  the  exit 
velocity  to  the  impeller  inlet  Velocity  since  the  exit  flow  area  and  im¬ 
peller  diameter  would  be  small.  For  equal  velocities  at  inlet  and  exit 
of  the  impeller,  an  exit  diameter  ratio  of  0.6  and  a  hub  diameter  ratio 
of  0.2,  the  ratio  of  nozzle  width  to  impeller  diameter  Is  0.08  far  pres¬ 
sure  ratios  near  unity  and  decreases  to  about  0.035  for  a  pressure  ratio 
of  0.2. 


The  efficiency  of  the  radial  turbine  is  primarily  a  function  of 
the  machine  Reynolds  number  and  pressure  ratio,  and  is  secondarily  a 
function  of  the  flow  coefficient,  the  exit  diameter  ratio,  and  the  gen- 


Figure  VII-26.  Efficiency  of  radial  turbines  as  function  of  the 
machine  Reynolds  number  and  the  pressure  ratio. 
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eral  design  features  of  the  turbine,  k  study  of  the  efficiency  charac¬ 
teristics  of  radial  turbines  indicates  that  for  flow  coefficients  In  the 
range  0.3  to  0.6  and  exit  diameter  ratios  frcm  0.5  to  0.7 ,  the  effects 
of  the  flow  Coefficient  and  the  diameter  ratio  on  the  efficiency  may  be 
neglected.  It  is  assumed  that  the  general  design  features  of  all  tur¬ 
bines  are  such  as  to  yield  optimum  efficiency.  Hence,  the  efficiency 
may  be  presented  as  a  function  of  the  pressure  ratio  and  the  machine 
Reynolds  number  only.  Typical  efficiency  variations  are  presented  in 
Figure  VII-26. 

The  machine  Reynolds  number  is  defined  by 

r®tR  "  riRi  utRI  daRl/ g  ^-tRi  (VII-166) 

The  specific  weight  of  the  air  at  turbine  inlet  is 

^tRI  *  PTRi^TRi  *  p^li/[RT^i^iRi^2*^]  (VII-167 ) 

The  inlet  Mach  number  of  the  turbine  has  only  a  minor  effect  on  the  Rey¬ 
nolds  number.  Hence,  the  term  will  be  considered  constant  and  equal 
to  1.025,  corresponding  to  an  inlet  Mach  nunber  of  0.35*  For  the  proba¬ 
ble  operating  temperature  range  of  the  turbine,  i.e.,  0°  to  600°F,  the 
absolute  viscosity  of  air  may  be  expressed  quite  accurately  by  the  em-  • 
pirical  equation 

fi  -  U.16  x  10“9  T°‘72  (VII-168) 

Combining  equations  (Vll-lltf),  (VII-166),  (VII-167)  and  (VII-168),  and 
introducing  the  definitions  of  corrected  pressure  $  and  corrected  tem¬ 
perature  9,  a  generalized  expression  for  the  machine  Reynolds  number  is 
obtained.  It  is 


Figure  711-27.  Machine  Reynolds  nunfcer  of  radial  turbines  as  function 
of  inlet  temperature  and  pressure  ratio. 
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(VII-169) 


The  corrected  Reynolds  number  per  Inch  of  impeller  diameter  is  presented 
as  a  function  of  the  pressure  ratio  and  the  corrected  inlet  temperature 
in  Figure  VII-27 .  A  turbine  efficiency  of  8 0/6  is  used  to  define 
the  Reynolds  number.  If  the  turbine  efficiency  is  7$,.  the  Reynolds 
number  would  be  9h%  of  the  value  indicated  in  Figure  VII-27 .  This  vari¬ 
ation  in  Reynolds  number  would  produce  a  negligible  change  in  the  tur¬ 
bine  efficiency. 

The  total  temperature  and  pressure  ratios  across  the  turbine 
are  related  as  indicated  by  equation  (VII-1^6) .  Once  the  efficiency  has 
been  determined  and  either  the  temperature  or  the  pressure  ratio  of  the 
turbine  is  known,  the  other  may  be  evaluated  directly. 

The  power  delivered  by  the  turbine  shaft  is  equal  to  the  energy 
removed  frcm  the  air  less  the  energy  required  to  overcome  mechanical 
losses.  It  is  assumed  that  energy  lost  because  of  mechanical  losses  is 
transferred  to  a  thermal  sink  other  than  the  air  passing  through  the 
turbine,  and  that  this  loss  may  be  expressed  as  a  fraction  of  the  theo¬ 
retical  power  output  of  the  turbine.  The  power  removed  frcm  the  air  is 


PTR-air  “  cp(TSii  “  T?Re) 


(VH-170) 


or. 


PTS-sh/  (w'tR®'tiRi) 


Figure  VII-28.  Chart  for  evaluation  of  shaft  power 
delivered  by  radial  turbines. 
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P«-alr  '  ^  °p  ^iC1  -  <P%!e/P?Ri)<k'1>/1C]  (VII-171) 

The  shaft  horsepower  expressed  on  a  corrected  basis  is 

P*-3hA''-*e4i)  •  o.ow  ^.^[i  -  (pW4)V3,5]  (vii-172) 

In  Figure  VII-28  the  schematic  of  a  working  chart  for  evaluation  of  the 
corrected  horsepower  is  presented  as  a  function  of  the  turbine  pressure 
ratio,  turbine  efficiency,  and  mechanical  efficiency. 

The  rotational  speed  of  the  turbine  is  related  to  the  periphery 
al  speed  and  diameter  of  the  impeller  by  the  expression 

■  72°  “iSlAn  d«I>  (VII-173) 

Combining  this  equation  with  (Vll-lltf),  ard  using  the  definition  of  cor¬ 
rected  temperature,  yields _ _ 

n^/lOOO  .  U06^  -  (pWp&1>V3‘5]/'4i  (TII-17U) 

k  schematic  of  a  working  chart  for.  evaluation  of  the  rotational  speed  of 
a  radial  turbine  is  presented  in  Figure  VII-29. 


1  0.8  0.6rt  0.U  0.2  0 


Figure  711-29 .  Chart  for  evaluation  of  rotational 
speed  of  radial  turbines. 
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Evaluation  of  radial  turbines  for  application  in  aircraft  cool¬ 
ing  systems  requires  also  knowledge  of  their  size  and  weight*  A  study 
of  existing  design  practice  indicates  that  approximate  relationships  may 
be  established  to  define  these  characteristics .  An  average  value  of  the 
maximum  external  diameter  would  be  equal  to  twice  the  impeller  diameter, 
and  the  axial  length,  including  the  housing,  would  be  approximately  3036 
of  the  impeller  diameter,  i.e*, 

b^  -  0.3  (VII-17*) 

Based  on  the  dimensions  of  existing  units,  it  appears  that  spa¬ 
tial  requirements  of  radial  turbines  may  be  represented  approximately  by 
the  expression 

(vn-176) 

Similarly,  the  weight  may  be  defined  approximately  by 

K*  -  C^Cd^j)3  .  (VII-177) 

where  the  constant  CU*?  varies  in  the  range  of  0.02  to  0.G6,  depending 
upon  the  size  and  general  design  of  the  turbine. 

2.  Axial  Turbines 

The  axial  turbine  is  a  turbomachine  in  which  the  effective  gas 
flow  is  parallel  to  the  axis  of  rotation.  This  type  of  turbine  might  be 
used  in  aircraft  cooling  systems  as  an  expansion  device  for  the  produc¬ 
tion  of  power  or  a  cooling  effect. 

Performance  and  physical  characteristics  of  axial  turbines  are 
evaluated  for  units  designed  on  the  basis  of  constant  angular  momentum 
theory.  Turbines  designed  On  this  basis  yield  fairly  high  operating  ef¬ 
ficiencies.  The  condition  of  design  for  constant  angular  momentum  is 
based  on  the  radial  variation  of  the  gas  velocity  in  the  clearance  space 
between  the  nozzle  ring  and  the  impeller  buckets.  Within  this  clearance 
space,  the  product  of  the  whirl  component  of  the  absolute  velocity  aid 
the  radial  distance  from  the  axis  of  rotation  is  constant  for  all  radii 
from  the  root  section  to  the  tip  section  of  the  turbine  stage.  In  equa¬ 
tion  farm,  this  condition  of  design  is  defined  by 

( uTAIi-Jwh)  ( )  "  constant  (VII-178) 

If  in  addition  to  the  condition  of  constant  angular  momentum,  the  axial 
component  of  the  velocity  in  this  Space  is  constant  over  the  flow  an¬ 
nulus,  i.e., 

uTAIi-a  ■  constant,  (VII-179) 
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Figure  VII-30.  Velocity  diagrams  far  nozzle  and  Impeller 
of  axial  turbine  stage. 

a  condition  of  radial  equilibrium  is  established  such  that  the  resulting 
radial  pressure  gradient  exactly  counteracts  the  effect  of  centrifugal 
farce  of  the  fluid  particles  created  by  their  whirl  components  of  ve¬ 
locity,  and  the  flow  proceeds  uniformly  through  the  turbine  stage  rather 
than  crowding  to  the  tip  section  of  the  buckets.  Results  of  actual  meas¬ 
urements  of  gas  velocities  in  a  turbine  stage  designed  on  this  basis  are 
presented  in  Reference  VII-16  and  show  good  agreement  with  the  design  or 
theoretical  values,  except  in  the  regions  of  boundary  layer  flow.  Fig¬ 
ure  VII-30  illustrates  the  arrangement  of  the  nozzle  ring  and  impeller 
of  a  turbine  stage,  the  velocity  diagrams  and  nomenclature  employed  in 
this  Study. 

Since,  in  general,  the  absolute  velocity  of  the  gas  issuing 
from  the  Impeller  varies  to  some  extent  both  in  magnitude  and  direction 
with  respect  to  the  diameter,  the  analysis  is  conducted  on  the  basis  of 
the  flew  conditions  at  the  pitch  diameter  of  the  impeller.  At  this  di¬ 
ameter  the  exit  velocity  is  assumed  to  be  directed  axially  and  to  repre- 
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sent  the  mean  value  of  all  exit  absolute  velocities.  Generalized  equa¬ 
tions  presented  in  the  following  sub-sections  are  derived  on  the  basis 
of  conventional  thermodynamic  and  fluid  dynamic  principles  combined  with 
typical  generalized  performance  characteristics  of  axial  turbines.  Sche¬ 
matic  diagrams  representing  graphical  solutions  and  working  charts  for 
evaluation  of  turbine  performance  and  physical  characteristics  are  pre¬ 
sented. 


The  required  impeller  speed  of  a  turbine  designed  for  pure  im¬ 
pulse  at  the  root  section  is  a  function  of  turbine  efficiency,  pressure 
ratio,  angle  of  the  absolute  velocity  at  entrance  to  the  impeller  and 
total  inlet  temperature. 

Since  the  losses  of  the  turbine  are  equal  to  (1-  r^)  times 
total-to-total  isentropie  energy  release,  the  energy  available  for  con¬ 
version  to  velocity  at  the  root  section,  without  diffusion  in  the  impel¬ 
ler  passages,  equals  the  output  work  of  the  impeller  plus  the  axial  exit 
kinetic  energy.  Hence,  in  equation  form, 

-  cp  £  -  (pWp4i)V3,S]  +  ’4leA28J>  (VII-180) 

For  turbines  designed  on  the  basis  of  pure  impulse  at  the  root  section, 
the  axial  ecmponent  of  velocity  at  the  root  section  of  the  impeller  exit 
may  be  considered  approximately  equal  to  the  axial  velocity  at  the  im¬ 
peller  inlet.  Thus, 

u'iAIe  "  uT&Ie-a  "  utAI1— rt  s^n  rt  (VTI-181) 

Combining  equations  (VII-180)  and  (VII-181)  yields 

SUi-rt  -  l/sgJ  [l  -  (P^e/P^i) V3,SJ /00a  ru_rt  (VH-182) 

The  unit  output  of  the  turbine  with  axial  exit  velocity  may  be 
expressed  by 

uTAI-tp  uTAIi-wh-tp/8  •  ^JV4i[^"^4e/p4i^3^]  (VII-I83) 

The  whirl  component  of  velocity  at  the  tip  section  is  equal  to  the  root- 
to-tip  diameter  ratio  multiplied  by  the  whirl  ecmponent-  of  velooity  at 
the  root  section.  Hence,  the  impeller  tip  speed  may  be  determined  by- 
combining  equations  (711-182)  and  (VII-I83)  to  yield 

Stx-tp  ■  l/26-”ii*=p*4i[1-(p?»./p4i^3'5]/2'l/'A  (vxi-xeu) 

The  flow  velocity  at  the  pitch  section  is  used  to  define  the 
flow  capacity  of  the  turbine.  The  axial  velooity  is  assumed  constant 
over  the  flew  annulus.  With  reference  to  Figure  7X1-30  and  equation 
(VII-182),  the  axial  velocity  may  be  expressed  by  the  relationship 
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ySgjTl^CpT^t^-tp^e/p^i)1^3'5]^  r^_rt)  (VTL-lSS) 


Since  the  whirl  velocity  varies  inversely  with  the  diameter ,  the  whirl 
velocity  at  the  pitch  section  is  expressed  by 

U/iAIi-wh-pt  “  [j^  ‘^a/CI*’'1^  )J  ~| f  2gffiTftcp?^i[l~(P^fl/p'EAi)  ^  J  (VII-186) 

With  reference  to  Figure  711“ 30,  equations  (711-185)  and  (711-186)  may 
be  combined  to  define  the  pitch-line  spouting  velocity  of  the  nozzles® 


unAIi-pt 
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l/3*£-  j" 


tan2r'tA-rt“*' 
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(711-187) 


Since  the  turbine  stage  design  has  been  defined  on  the  basis  of 
the  velocity  relationship  in  the  clearance  space  between  the  nozzles  and 
the  buckets,  the  flow  capacity  of  the  turbine  is  most  conveniently  de¬ 
scribed  by  the  state  of  the  air  in  this  space.  The  axial  flow  area  is 

A-rtli  •  (VUXl -v^Kd^tp)  (VIi-188) 


The  velocity  component  defining  the  flow  through  this  area  is  the  axial 
component  of  the  nozzle  velocity,  as  defined  by  equation  (711-185).  By 
conservation  of  energy, 

2,ili-pt  ■  *  4li-pt/(2gJoPT4l)] 

Combining  equations  (711-187)  and  (711-18?)  yields 


T>iAIi-pt 


(711-190) 


and,  by  introducing  the  nozzle  efficiency 


P^Ali^t  ml±_ 

P&i 


-HS, 


3.£ 


(711-191) 


A  study  of  losses  in  axial  turbines  indicates  that  at  design  operational 
conditions  nozzle  losses  represent  about  IjQ %  of  the  turbine  losses. 
Hence,  the  nozzle  efficiency  may  be  defined  approximately  by 

^TAn  -  0.6  +  ’  (711-192) 

The  specific  weight  of  the  gas  at  the  pitch  section  is  defined 
by  combining  equations  (711-190)  and  (711-191)  with  the  perfect  gas  law. 
Combining  this  relationship  for  the  specific  weight  with  equations 
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(VII-185),  (VII-188),  (VII-192)  and  the  equation  of  continuity  yields 


5?iidtSl-tp 


-  37U0(l-i/^)(tan^?t) 
x  (0.6+  O.Ut^) "3*y  11  ^  [l-C P^e/Pofci^3*5] 


The  maximum  obtainable  efficiency  of  an  axial  turbine  is  pri¬ 
marily  a  function  of  turbine  pressure  ratio  and  machine  Reynolds  number* 
and  secondarily  of  leakage*  windage*  heat  losses  and  flow  angles »  The 
secondary  factors  are  assumed  to  have  a  consistent  effect  on  the  effici¬ 
ency  level  of  the  turbine*  so  that  turbine  efficiency  may  be  defined  as 
a  function  of  pressure  ratio  and  Reynolds  number  only.  Figure  VII-31 
presents  a  chart  for  the  evaluation  of  the  efficiency.  The  efficiency 
is  defined  on  the  basis  of  total  pressures  at  inlet  and  exit  of  the  tur¬ 
bine.  The  effect  of  machine  Reynolds  number  Re^  on  turbine  efficiency 
is  defined  on  the  basis  of  data  presented  in  References  VH-18  and 
VII-17, 

The  machine  Reynolds  number  is  defined  by 

tp  t|/ ^ P  'dLi  (VII— 19lj.) 

For  the  normal  range  of  air  velocity  at  entrance  to  the  turbine  nozzles 
and  the  viscosity  of  air  expressed  by  the  relationship 

ft  -  U,l6  x  10-9  T0.72  (VII-195) 


Figure  VII-31 °  Effi¬ 
ciency  of  axial  turbines. 
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the  Reynolds  number  equation  may  be  generalized  as 

8»V<' S4i'4l-tp)  ■  S”  CVXI-X96) 

The  required  rotational  speed  of  an  axial  flow  turbine  is  re¬ 
lated  to  the  impeller  tip  speed  and  diameter  by  the  equation 

■  229  “Ul-tf/^x-tp  (VII-197 ) 


The  shaft  power  delivered  by  an  axial  flow  turbine  equals  the 
power  developed  by  the  impeller  less  the  power  required  to  overcome  me¬ 
chanical  losses.  Mechanical  losses ,  which  include  bearing  friction, 
windage,  etc.,  cannot  be  evaluated  accurately  for  variable  operational 
conditions  of  the  turbine,  but  their  effect  on  turbine  power  output  may 
be  approximately  defined  by  use  of  a  mechanical  efficiency.  Thus,  the 
corrected  shaft  power  per  pound  of  air  is  defined  by 

-  o.ow  ti  ^  ^^[1  -  (vii-198) 

In  many  designs,  the  permissible  blade  stress  level  may  be  a 
primary  factor  in  establishing  the  required  operating  speed  and/or  size 
of  an  axial  turbine.  It  is  conventional  .practice  in  the  design  of  tur¬ 
bines  to  define  the  maximum  permissible  stress  level  on  the  basis  of  the 
stress  induced  in  the  root  section  of  the  rotating  blades  by  action  of 
the  centrifugal  load  of  the  blades.  This  obviates  the  consideration  of 
vibratory,  gas  bending  and  secondary  loads  on  the  blades  and  discs. 

Assuming  the  cross-sectional  area  of  the  blades  to  decrease 
linearly  from  the  root  to  the  tip  section,  the  stress  level  at  the  blade 
root  section  due  to  centrifugal  force  is  defined  by 


Stress^ 


(fblade^I-tp) ( ^%k)  [Y  (1-  abladeK2^)] 

288  g  L1  "  3C1  +  V,*)  J 


(VII-199) 


where  the  parameter  akiade  represents  the  ratio  of  the  blade  tip  area 
to  thB  blade  root  area.  Since  the  impeller  blades  of  axial  turbines  em¬ 
ployed  in  cooling  systems  would  normally  be  subjected  to  relatively  low 
temperatures,  the  allowable  stress  level  may  be  considered  greater  than 
commonly  employed  in  gas  turbine  design  practice.  The  maximum  permissi¬ 
ble  stress  is  set  at  35,000  pounds  per  square  inch  for  steel  blades  and 
at  12,000  pounds  per  square  inch  for  aluminum  blades.  The  parameter 
“blade  shoul!i  be  as  low  as  is  practical  from  the  standpoint  of  manufac¬ 
ture  and  fatigue.  A  typical  value  of  cthiade  equal  to  l/3  will  be  used. 
For  these  conditions,  equation  (VII-199)  may  be  reduced  to  the  form 

(u^-tp)(1“T4A)[1-°»222(2+,wdL)/(l+vxi)J  -  6.68  x  10*  (VII-200) 

dr 
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(vn-201) 


(^I-tp/lOOO^Ci-v^)^  +  TV^)  -  6,0 


and  is  applicable  either  for  steel  or  aluminum  blades. 

Very  little  design  information  dealing  with  size  and  weight  of 
small  axial  turbines  is  available .  The  physical  characteristics  of  an 
axial  turbine  may  be  determined  with  fairly  good  accuracy  by  similarity 
considerations  of  larger  turbines.  For  comparative  purposes,  the  maxi¬ 
mum  external  dimension  parallel  to  the  plane  of  rotation  can  be  ex¬ 
pressed  by  an  external  diameter  defined  as 

<4.  .  1.25<4i_tp  (VII-202) 

The  nozzle  ring  and  impeller  bladeg  forming  one  stage  would 
have  an  axial  length  of  approximately  0.2  d^T^tp.  At  both  the  inlet 
and  exit  of  the  axial  turbine  an  air  collector  ring  would  be  necessary. 
The  air  velocity  in  the  collector  ring  at  inlet  would  be  approximately 
equal  to  the  axial  air  velocity  through  the  turbine.  Consequently,  the 
collector  at  inlet  would  have  approximately  the  same  flow  area  as  the 
annulus ,  If  the  inlet  collector  is  assumed  circular  in  cross  section 
and  the  outlet  collector  is  assumed  cylindrical  with  the  outlet  centered 
about  the  axis  of  rotation,  the  turbine  axial  length  can  be  represented 
approximately  by 

4  .  i.iS  4i-tp  (vn-203) 

The  spatial  requirements  may  be  determined  by  calculating  the 
volume  of  the  turbine  with  the  dimensions  given  by  equations  (VII-202) 
and  (VII-203).  Thus, 

v!^  -  1.U  d!JJj_tp  (VII-20U) 

The  weight  of  an  axial  turbine  may  only  be  roughly  established. 
Due  to  the  greater  amount  of  duct  work  required  for  flow  passages  in  the 
axial  turbine  unit  in  comparison  with  the  radial  turbine,  the  bulk  den¬ 
sity  would  be  less.  On  the  basis  of  this  assumption,  the  axial  turbine 
weight  can  be  expressed  approximately  by 

W-4  *  0.03  4l-tp  (VII-20S) 
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